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INTRODUCTION 
Prior to the classic discovery of carbon dioxide "fixa­
tion" by Wood and Workman in 1935» carbon dioxide was con­
sidered to be an inert end-product of metabolism in hetero­
trophic organisms. It was recognized that carbon dioxide 
played a role in the growth of heterotrophic organisms, 
however, it was assumed that this role was confined to 
physical functions, such as, influencing cell permeability, 
pH, and oxidation-reduction potentials. 
Hie proposal that carbon dioxide was actually being 
utilized in the metabolism of heterotrophic organisms was a 
new concept in physiology and biochemistry. Subsequent 
studies have broadened this concept and have shown that 
carbon dioxide fixation plays a dynamic role in almost every 
area in the field of intermediary metabolism. 
-After twenty-five years of research it is still impossible 
to evaluate accurately the true importance of heterotrophic 
carbon dioxide fixation in physiology. Heterotrophic carbon 
dioxide fixation is directly involved in the biosynthesis or 
metabolism of the acids of the citric acid cycle, fatty acids, 
amino acids, carbohydrates, purines, pyrimidines, ornithine 
(carbamyl phosphate), cholesterol and probably others not 
yet discovered. 
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The present study concerns carbon dioxide fixation by 
cell-free extracts of Nocardia corallina and was undertaken 
in an attempt to better understand the mechanisms of carbon 
dioxide assimilation. 
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REVIEW OF LITERATURE 
Carboxylation of Organic Acids 
Heterotrophic assimilation of carbon dioxide was pro­
posed in 1935 by Wood and Workman as a definite and exper­
imentally supported concept. They stated, "It has been 
established with several species of Propionibacterium that 
total carbon dioxide liberated during fermentation of 
glycerol plus that remaining in the form of carbonate is less 
than the original carbon dioxide added as carbonate. This 
decrease is believed to result from utilization of carbon 
dioxide by the bacteria during their dissimilation of 
glycerol. Carbon and oxidation-reduction balances support 
this view." 
This novel concept was not readily accepted, as at this 
time it was generally oelieved that COg affected cell growth 
only in a physical manner. However, subsequent research 
verified and expanded the original findings (Wood and 
Werkman, 1938). 
The concept of carbon dioxide assimilation became more 
important in comparative biochemistry when Wood and Werkman 
(1938) commented that animal tissue may also utilize COg in 
synthesis. This was verified experimentally by Evans and 
Sloten (I9I+O) and by Wood et; aJL. (19i|2). Protozoa, fungi, 
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and yeast have also been shown to assimilate COg and it is 
highly unlikely that any form of life could £ei. maintained in 
the absence of carbon dioxide fixation (Workman, 1951)• 
Wood and 'lerkman (1938) showed an equimolar relationship 
between the carbon dioxide fixed and the succinic acid 
formed. This result led to the proposal that the succinic 
acid was a result of a and C-^ synthesis. Since pyruvic 
acid had been obtained as a fermentation product (Wood and 
Workman, 1934)» it was suggested as the possible compound. 
Wood and Workman (1938) proposed the following scheme to 
account for COg fixation into succinate. 
(1) C02 + CHoCOCOOH . COOHCHo COCOOH 
Pyruvic acid Oxalacetic acid 
(2) C00HCH2C0C00H -h 2H^=± COOHCHpCHOHCOOH 
Oxalacetic acid Malic acid ~ 
(3) C00HCH2CH0HC00Hi 2H COOHCHaCHpCOOH + H_0 
Malic acid Succinic acid 
Ihis series of reactions was proposed as a working 
hypothesis and to represent the emperical course of events 
and was not intended to reveal the intermediary steps in the 
actual fixation reaction. The set of reversible reactions 
from oxalacetic acid to succinate has been shown to occur 
in the propionic acid fermentation by Krebs and Eggleston 
(194U. 
Prior to the availability of isotopic carbon, studies on 
COg fixation were limited because in the metabolism of an 
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organisa COg is both produced and assimilated. Studies 
were, therefore, confined to indirect methods and it was 
virtually impossible to prove how COg fixation actually 
occurred. 
With the advent of isotopic carbon conclusive proof of 
CO2 assimilation was provided by Cars on and Ruben (1940) 
with radioactive COg (C^) and by Wood e_t al. ( 194®) with 
heavy COg (0^3). The use of isotopic carbon also made 
possible a more detailed study of the mechanism of the fix­
ation reaction. 
Fixation of isotopic carbon occurred in succinic acid 
as was predicted by the Wood-Werkman reaction (Wood e_t al., 
1940, 1941) • Nishina e_t al. ( 1941) showed with radioactive 
carbon dioxide and pyruvic acid the synthesis of malic and 
fumaric acid. 
Proof that oxalacetic acid was involved and that the 
Wood-Werkman reaction was reversible was obtained by Krampitz 
at al, ( 1943) utilizing C^o^. In this study oxalace tic acid 
and C 13(32 were added to an acetone and phosphate washed cell 
suspension of Micrococcus lysodeikticus. The reaction was 
stopped when approximately 50% of the oxalacetic acid had been 
decarboxylated by a newly discovered enzyme, which brought 
about an active f3 decarboxylation of oxalacetic acid to 
pyruvic acid. When the remaining oxalacetic acid was isolated 
some isotopic carbon was found in the carboxyl group of the 
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oxalacetic acid as predicted by the Wood-Werkman reacf . on. 
This was taken as evidence that the reaction was reversible 
and that some of the C^Og had reacted with pyruvic acid to 
form labeled oxalacetic acid as shown in the following 
reaction 
C00HCH2C0C00H » CH^COCOOH + co2 
+ 
C^OOHC^COCOOK « C13O2 
The formation of oxalacetate by pyruvate and C02 was 
shown by Kalnitsky and Werkman (1944)• From the energy 
requirements of the reaction it was suggested that phos-
phorylated intermediates would be involved in the fixation 
reaction. The inhibition of C02 fixation by sodium fluoride 
(Wood and Werkman, 1940) supported this conclusion. Carboxy­
lation of pyruvic acid by animal tissue was shown by Utter 
and Wood (1945) utilizing pigeon liver extract. The addition 
of adenosine triphosphate was necessary for the carboxylation 
reac tion. 
Ochoa et, (1947b) reported that pigeon liver extracts 
could catalyze a reversible carboxylation of pyruvic acid to 
form malic acid. Triphosphopyridine nucleotide was an 
essential cofactor in the reductive carboxylation reaction 
and oxalacetic acid was not involved. 
It was suggested by this work that the Wood-Werkman 
reaction was an artifact and that the oxalacetic acid formed 
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was actually forced by oxidation of malic acid (the immediate 
fixation product). However, there were basic differences 
between the two systems (Werkman, 1951) such as, the TPN 
specificty of the "malic enzyme" as opposed to the ATP 
requirement of the Wood-Werkman reaction. 
Utter (1951) studied the relationship between oxal-
acetate and L-malate assimilation of carbon dioxide with ATP 
in the presence of G-^Og. Oxalacetic acid had a much higher 
specific activity than malate during early stages of the 
reaction. When DPN was destroyed the content of the 
malate was reduced while that of oxalacetate was not. How­
ever, when TPN replaced ATP, Cl^Og was fixed primarily in 
malate indicating that oxalacetate was not a precursor of 
malate under these conditions. The presence of ATP or TPN 
determined the pathway of OO^ fixation in this experiment. 
From the interrelationships of oxalacetic acid and 
malic acid in COg fixation Utter (1951) proposed a common 
intermediate and submitted the following scheme to explain 
this interrelationship. 
The precursor was not isolated or identified. 
Later Utter and his coworkers demonstrated in chicken 
liver the presence of oxalacetic carboxylase (phosphoenol-
pre cursor 
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pyruvate carboxykinase), which catalyzed the following re­
versible reaction (Utter and Kurahashi, 1953; Utter and 
Kurahashi, 1954&; Utter e_t al., 1954; Utter and Kurahashi, 
(1954b), where IT? is inosine triphosphate and IDP is inosine 
diphosphate, in the presence of nucleoside diphosphate, 
ATP could replace ITP. 
Oxalacetic acid 4- ITP-^Phosphoenolpyruvate + COg -HIDP. 
In highly purified preparations, however, only ITP and 
guanosine triphosphate were active (Kurahashi e_fc al., 1957)* 
Bandurski and Lipmann (1956) isolated the same enzyme from 
the mitochondria of lamb liver. It was active with ITP, and 
crystalline ATP was completely inactive. 
Bandurski and C-reiner (1953) found an enzyme in spinach 
leaves, which synthesized oxalacetate from phosphoenol-
pyruvate (PEP) and COg according to the following irre­
versible reaction. 
PEP-j- COg » Oxalacetate •+ orthophosphate 
The enzyme was definitely proved to be different from 
oxalacetic carboxylase found by Utter and his coworkers. The 
former enzyme, phosphoenolpyruvic carboxylase (PEP carboxyl­
ase), neither required nucleotides as phosphate acceptor nor 
catalyzed the formation of PEP from oxalacetate and ITP 
(Bandurski, 1955)• 
Both PEP carboxylase and oxalacetic carboxylase were 
demonstrated in wheat germ extracts by Tchen and Vennesland 
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(195 5 ) »  They pointed out a low requirement for COg con­
centration by the former enzyme and suggested its possible 
role in dicarboxylic acid accumulation in plant tissue at a 
low COg tension. 
Walker (1957) investigated the enzymic nature of the 
formation of malate in succulent plants, and suggested that 
PEP carboxylase and malic dehydrogenase were responsible for 
the synthesis. Walker and Brown (1957) showed that the 
optimum CC>2 concentration of PEP carboxylase was very low, 
and, in fact, high concentrations of COg inhibited the 
reaction non-competitively. 
Both PEP carboxylase and oxalacetic carboxylase were 
demonstrated in the chemoautotrophic bacterium Thlobacillus 
thiooxidans by Suzuki and Werkman (1957, 1958)» They also 
were shown to be present in cell-free extracts of Nocardia 
corallina and Mycobacterium phlei (heterotrophic organisms) 
while only oxalacetic carboxylase was demonstrated in ex­
tracts of Rhodospirilium rubrum, a photosynthetic autotroph 
(Baugh e£ al., 1958; Baugh, et al., 1959; Myoda and Werkman, 
i960; Bates and Werkman, i960). 
It is of interest, that oxalacetic carboxylase has been 
shown to be present in chemosynthetic and photosynthetic 
autotrophic organisms and also in heterotrophic organisms. 
These two enzymes (PEP carboxylase and oxalacetic 
carboxylase) could represent refinements of the original 
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Wood-Werkman reaction. However, the carboxylation of 
pyruvate (as originally proposed) has been demonstrated in 
Micrococcus lysodeikticus (McManus, 1951) and in liver tissue 
by Utter and Keech (i960). Utter and Keech found that 
pyruvate was carboxylated only in the presence of acetyl co­
enzyme A. The role of acetyl CoA as a cofactor in this 
reaction is still unknown. 
Oxalacetic carboxylase was isolated from Sa c char omy c e s 
cerevisiae by Cannata and Stoppani (1959) and shown to be 
similar to the enzyme in animal tissue, however, it was 
specific for adenosine nucleotides rather than inosine. 
Inosine triphosphate and guanosine triphosphate were shown to 
act as cofactors in the reaction catalyzed by extracts of 
Nocardia corallina (Baugh, e_fc al., 1959)* This was the first 
demonstration of these nucleotides taking part in CO^ fix­
ation reactions in heterotrophic bacteria. ITP and GTP also 
were shown to be active cofactors in extracts of Rhodo-
spirillum rubrum (Bates and Werkman, i960) and Mycobacterium 
phlei (Ivlyoda and Werkman, i960). 
All of the reactions of the Krebs cycle have been shown 
to be reversible. Two of these involve a decarboxylation, 
however, since the reactions are reversible the two reactions 
can be considered COg fixation reactions. 
Carboxylation of succinate to form alpha-ketogluterate 
was first demonstrated by Ajl and Werkman (1948) in E. coli. 
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From later studies (Kaufman e_t al., 1933) it is now recognized 
that oxidative decarboxylation of -ketoglutarate by heart 
muscle preparation requires thiamine pyrophosphate, Mg++ , 
lipoic acid, and coenzyme A. 
The oxidation of isocitrlc acid involves the participation 
of the pyridine nucleotide system. Both TPN and DPN specific 
enzymes have been found in several animal tissues (Ochoa, 
191+8; Kornberg and Pricer, 1951)• The reversibility of this 
reaction ( -ketoglutarate 4- COg) was demonstrated by Ochoa 
and Weisz-Tabori (1945)» who used the glueose-6-phosphate 
dehydrogenase system to reduce the TPN formed as shown in the 
following reactions. 
-ketoglutaric acid . TPNH * , 6-phosphogluconic acid 
-hcog y +H y 
-isocitrlc acid * ^  TPN ' ^ glucose-6-phosphate 
Since a highly purified enzyme preparation from swine 
heart exhibits both isocitrlc dehydrogenase and oxalosucclnic 
decarboxylase activity, it has been concluded that a single 
enzyme catalyzes both reactions (Moyle and Dixon, 1956). 
Carboxylation of Acyl Coenzyme A Esters 
Erb (1934)* working in Workman's laboratory, demonstrated 
that bacteria were capable of decarboxylating succinate to 
form propionate and COg. Prior to this study, it was 
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considered that propionic acid was formed in bacterial 
fermentations by a reaction known as the Fitz equation (Fitz, 
1678). 
3 lactate »2 propionate -f- 1 acetate + 1 COg 
In addition to the study of Erb and Werkman other 
evidence accumulated that indicated the propionic acid was 
not produced by direct reduction as postulated by Fitz. One 
of the more conclusive studies was that of Wood e_t al. (iylj.1). 
They found that labeled GOg was fixed in the carboxyl groups 
of both propionate and succinate. Propionate was the only 
compound other than dicarboxylic acids that was proposed to 
arise from Co and addition. 
Delwiche (I9I48) and Johns (1955) investigated the de­
carboxylation of succinate and concluded that the reaction 
was rapid enough to be the sole pathway for the formation of 
propionic acid. 
Lardy and Ad1er (1956) demonstrated that liver mito­
chondria effected a rapid incorporation of C-^Og, when ATP, 
propionate, coenzyme A, and a divalent cation were present. 
Propionyl GoA stimulated G^O^ uptake more than 
propionate and GoA. ATP was required with propionyl GoA and 
indicated that an energy rich compound was necessary for the 
carboxylation of propionyl GoA and not just for the formation 
of propionyl GoA from propionate and Coenzyme A. 
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These cofactors (ATP, GoA, and a divalent cation) were 
the same as those required for the decarboxylation of 
succinate to form propionate and COg (Whitely, 1953; 
Delwiche e_t al., 1953). 
Lardy and Adler (1956) proposed that direct carboxylation 
of propionate to form succinate, followed by oxidation of the 
latter through fumarate, malate, and oxalacetate to pyruvate 
provided a pathway for the conversion of propionate to car­
bohydrate . The conversion of propionate to carbohydrate had 
been known since 1912 (Ringer). 
Flavin and Ochoa (1957) demonstrated, with animal 
tissue, that the primary product of propionyl CoA was methyl­
malonyl CoA (Isosuccinyl CoA) rather than succinyl CoA. 
Methylmalonyl CoA could be converted to succinyl CoA by 
methylmalonyl CoA isornerase. Tietz and Ochoa (1959) 
purified the enzyme responsible for propionyl CoA carbox­
ylation (propionyl carboxylase) from pig heart. They found 
that the reaction was probably catalyzed by a single enzyme, 
containing no biotin, and was reversible. 
Stadtman et al. (i960) studied the reaction in extracts 
of Propionibacterium shermanii and found that avidin, an 
inhibition of biotin activity, completely inhibited the 
fixation of COg into propionyl CoA. 
Swick and Wood (i960) studied succinate decarboxylation 
by Propionibacterium shermanii and concluded that the 
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following set of equations described the decarboxylation of 
succinate by this organism: 
E represents the free enzyme and the C^ unit does not 
equilibrate with free COg. Thus they concluded that it was 
not COg as such which combined with pyruvate to form oxal­
acetate. 
Swick and Wood (i960) also showed that this transcar­
boxylation reaction (C^ transfer) is inhibited by avidin 
and occurs in the absence of COg fixation. Ochoa later 
showed that the enzyme from pig heart preparation also was 
inhibited by avidin. 
Coenzyme A esters other than propionyl CoA have been 
shown to act as Cog acceptors in CO^ fixation reactions. 
Wakil e_fc al. (1958) showed that the synthesis of 
palmitate from acetate in animal tissues was dependent upon 
the presence of ATP, coenzyme A, and bicarbonate. Later 
studies (Wakil, 1958; Wakil and Ganguly, 1959; Wakil and 
C-ibson, i960) demonstrated that acetyl CoA is carboxylated 
to form malonyl CoA. Malonyl CoA, thus formed, combines with 
acetyl CoA in the synthesis of higher fatty acids. The 
enzyme (acetyl carboxylase) has been shown to be inhibited 
by avidin (Wakil and Gibson, i960). 
Succinyl CoA 
E 4- Methylmalonyl CoA 
B-Cj+ Pyruvate 
Methylmalonyl CoA 
Propionyl CoA4- E-C^ 
Oxalacetate 4- E 
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Formica and Brady (1959) demonstrated that acetyl CoA 
is carboxylated to form malonyl CoA in pig heart extracts 
in a reaction similar to the one proposed by Wakil. 
Kusunose e_t al. (1959) demonstrated the carboxylation of 
acetyl coenzyme A to form a malonate derivative in cell-free 
extracts of Mycobacterium avium. 
Butyryl CoA has been shown to be carboxylated to form 
ethylmalonyl CoA in animal tissue (dog skeletal muscle, 
chicken liver extract, dog heart) by Stern £t al. (1959) and 
in bovine liver (Hegre ejt al., 1959) • The metabolic signif­
icance of ethylmalonyl CoA is unknown, however, the occur­
rence of an isomerase has been suggested which converts 
ethylmalonyl CoA to glutaryl CoA (Stern et al., 1959)» 
These enzyme preparations also carboxylated acetyl CoA and 
propionyl CoA. 
A series of studies on the metabolism of leucine by 
Coon and his coworkers led to the finding of a carbon dioxide-
activating enzyme (Coon, 1955; Bachhawat et al., 1955; 
Bachhawat and Coon, 1957)« The carboxylation of /3-hydroxy-
isovaleryl coenzyme A(HIV CoA) to 0-hydroxy -methyl-
glutaryl CoA(HMG CoA), intermediates in leucine metabolism, 
was postulated to occur by the following reactions: 
CO2 + AT? ; AMP-CO2 Pyrophosphate 
AMP-C02 -b HIV CoA ^ 4 AMP + HMG CoA 
HMG CoA "" Acetoacetate+Acetyl CoA 
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where AMP-COg is adenyl carbonate and AM? is adenosine mono­
phosphate. The carbon dioxide-activating enzyme catalyzes 
the first reaction and P-hydroxyisovaleryl CoA carboxylase 
catalyzes the second. The carbon dioxide-activating enzyme 
was isolated from pig heart in crystalline form by Bachhawat 
and Coon (1958). 
Kupiecki and Coon (1959) re-examined the reaction 
mechanism and showed that the products are adenosine diphos­
phate and a non-nucleotide phosphate-containing compound, 
which was neither phosphate nor pyrophosphate. It has not 
been identified as yet. Coon and associates (del Campillo-
Campbell et_ al., 1959) also re-examined the role of @ -
hydroxyisovaleryl CoA as the COg acceptor. It is difficult 
to explain the participation of HIV CoA since there is no 
means by which the gamma carbon could release a proton to 
form a fractional negative charge. Knappe and Lynen (1958) 
reported an enzyme system isolated from mycobacteria 
catalyzed the reaction: 
/3-methylcrotonyl CoA COg4-ATP >f3-methyl glutaconyl CoA 
+ADP + Pi 
A specific hydrase, methyl glutaconase, then hydrates the 
product to (3 -hydroxy-/3-methyl-glutaryl CoA. Coon and 
associates reported similar results upon re-examining their 
results. Apparently sufficient crotonase activity was 
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present in Goon's previously descri oed enzyme sys cems co 
supply (3 -methylcrotonyl CoA from ft-hydroxyisovaleryl CoA, 
the added substrate. 
Role of Biotin in COg Fixation 
Although biotin is necessary for the maintenance or 
growth of probably all living forms, the nature of its 
biological function has remained obscure. Biotin has been 
Implicated in various enzyme systems primarily on the basis 
that the enzyme activity in question is selectively diminished 
in biotin deficient organisms. 
A majority of the enzyme systems so implicated appear 
to be concerned with carboxylation reactions (Lardy and 
Peanasky, 1953)• These systems are involved respectively 
in (a) decarboxylation of oxalacetate and the incorporation 
of CC>2 into oxalacetate (Wessman and Werkman, 1950), (b) 
oxidative decarboxylation of malate to pyruvate (malic 
enzyme) (Ochoa et al., 1947a, 1947b), (c) synthesis of 
citrulline from ornithine (Feldott and Lardy, 1951)» and (d) 
carboxylation of propionyl CoA (Lardy and Peanasky, 1953)» 
and (3 -methylcrotonyl CoA (Lynen et al., 1959)• 
Some of Uhe above enzymes have been purified extensively 
(malic enzyme and propionyl carboxylase) and no significant 
quantities of protein-bound biotin could be detected. This 
led to the hypothesis that biotin functioned in the synthesis 
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of tne enzymes ana non as a prostnetie group. 
The first evidence for a biotin-containing enzyme was 
presented by Wessman and Werkman (1950). They showed that 
COg incorporation into oxalacetate by lysed preparations of 
Micrococcus lysodeikticus is inhibited and that this in­
hibition is reversed by free biotin. 
Evidence for the participation of an enzyme-biotin-OO^ 
intermediate in the carboxylation of 0 -methyl-crotonyl CoA 
has been presented by Lynen et; al. (1959)- Lynen suggested 
that in mycobacteria the initial step in COg fixation is a 
kinase like reaction whereby ATP reacts with a biotin-enzyme 
complex to form ADP-biotin-enzyme complex and orthophosphate. 
The ADP is then displaced "irreversibly" by COg. 
Halenz and Lane (i960) suggested the following reactions 
as a possible mechanism for the enzymatic carboxylation of 
propionyl CoA: 
Enzyme-biotin+ ATP< »Enzyme-biotin-phosphate 4- ADP 
Enzyme-biotln-phosphate-H C02=^Enzyme-biotin-C02 4- Pi 
Enzyme-biotin-CO2+ Propionyl CoA* >Enzyme-biotin4-
methylmalonyl CoA 
Recently, Lane and associates (Lane _et al., i960) re­
examined their previous results and suggested that neither 
of the above schemes involving biotin is correct. They 
propose a concerted mechanism rather than a mechanism 
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involving consecutive events. They propose the following 
s cheiae : 
Enzyme + ATP 4- COg* > Enzyme-CO^ 4- ADP 4- Pi 
Enzyme-COg4- propionyl CoA < * Methylmalonyl CoA4-Enzyme 
Miscellaneous CO^ Fixation Reactions 
Citrulline is formed from ornithine, NH^, and CO^. 
Grisolla and Cohen (1951, 1952, 1953) showed that this 
conversion can be effected by a soluble enzyme system which 
requires the presence of ATP, magnesium, and an acyl-L-
glutamic acid. The actual fixation reaction was shown to be 
as follows by J ones et al. (1955): 
4- C02 4- ATP < NH2-C00P03™2 4- ADP 
The reaction product (carbamyl phosphate) reacts with 
ornithine to form citrulline. This reaction is a key step 
in the ornithine cycle. 
Korzenovsky (1953) reported that ce11-free extracts of 
Streptococcus lactis metabolize citrulline to equimolar 
amounts of ornithine, carbon dioxide, and ammonia when 
supplemental with orthophosphate, magnesium ion, and 
adenosine diphosphate. The reaction was shown to be revers­
ible by the use of cl^Og in exchange type of experiments. 
A small net synthesis of citrulline was noted when adenosine 
triphosphate was added. 
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In the formation of uric acid by the pigeon, C02 is the 
precursor of atom 6 (Sonne erb al., 194&). Since uric acid 
was known to be the product of the direct oxidation of 
hypoxanthine, the biosynthesis of hypoxanthine was inves­
tigated by Schulman e_t al. (1952) and it was found that the 
same precursors were necessary for hypoxanthine synthesis as 
were necessary for uric acid. Lukens and Buchanan (1957) 
showed that the C02 fixation was involved in the conversion 
of 5-aminoimidazole ribotide to 5-aminoimidazole-4-car-
boxamide ribotide, a reaction in the biosynthesis of purines. 
COg fixation is also involved in the biosynthesis of 
pyrimidines. Jones et al. (1955) found the C02 was fixed 
into carbamyl phosphate, which reacted with L-aspartic acid 
to form carbamyl-L-aspartic acid (ureidosuccinic acid) in 
this bios ynthe tic pathway.-
Early studies on heterotrophic carbon dioxide fixation 
have been reviewed by Werkman and Wood (194-2), Wood (194&) $ 
Werkman (1951)» and Ochoa (1952). 
The known carboxylation reactions in heterotrophic 
organisms are summarized as follows : 
1. Pyruvate4- C02 > Oxalacetate (Wood-Werkman 
reaction) 
2. Pho s phoeno lpyru va te C02—> Oxalacetate 4- Pi 
3. Pho s phoe no lpyru va te » Oxalacetate 4- ITP 
+ C02 +IDP 
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4 • Pyruvate -+ C02 -t- TPNH » 16a la te — TPN 
5. Pyruvate + CO2 (Acetyl CoA) > Oxalacetate 
6. Acetyl CoA + CO2 4- ATP > Malonyl CoA —ADP 4- Pi 
7. Propionyl CoA4- C02 4-ATP » Methylmalonyl CoA -h ADP 
-Pi 
8. Butyryl CoA + C02 4- ATP » Ethylmalonyl CoA 4- ADP + Pi 
9. ATP 4~ NH^ 4- COg ' Carbamyl phosphate 4- ADP 
10. 5-Aminoimidazole ribotide » 5-Aminoimidazole-4-car-
4- COg 4-ATP boxamide ribotide 
11. of-ketoglutaric acid + COg >Isocitrlc Acid 4- TPN 
+ TPNH 
12. Succinic acid 4~ C02 * <*"-ketoglutaric acid 
13. /3-methylcrotonyl CoA >0-methylglutaconyl CoA 
22 
JiUl liAinJ-iO AiMiJ -LIlUiviD 
Organism and- Medium 
The organism utilized in this investigation was 
Nooardia corallina ATOG 4273 and was obtained from the stock 
culture collection of The University of Oklahoma. It was 
grown in six liter erlenmeyer flasks containing two liters 
of medium. The medium consisted of 0.3 per cent each of 
peptone and yeast extract and was adjusted to pH 7*4» 
Inoculation of the medium was made with 100 ml of a 48 
hour culture. The cultures were incubated for 24 hours at 
30° C, At the end of the incubation period the cells were 
harvested in a Serval angle centrifuge or in a Sharpies 
refrigerated centrifuge. The cells were washed three times 
with distilled water. The yield was approximately 1 gram per 
2 liters of medium. 
Cell-Free Extracts 
The washed cells were suspended in 0.1M tris (hydroxy-
methyl) aminomethane (tris) buffer of pH 7*4 and treated in 
a Raytheon sonic oscillator. Two different oscillators were 
employed during the course of the study. The extracts 
utilized in studying carbon dioxide fixation into oxalacetic 
acid and related reactions were prepared by suspending 5 
grams of washed cells in 25 ml of tris buffer and treating 
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the suspension for 30 minutes with a 9-kc oscillator. 
The studies concerning carboxylation of coenzyme A 
esters utilized a cell-free extract prepared by the sonic 
treatment of a suspension of 3 grams of washed cells per 2S 
ml of tris for 3 minutes in a 10-kc oscillator. The cell 
suspension in both instances was cooled during the sonic 
treatment by running cold water through an outer jacket of 
the oscillator cup. 
The cellular debris was removed by centrifugation at 
24,500 times gravity for 10 minutes in an International 
refrigerated centrifuge at 4° C. The cell-free extract was 
reddish brown and opalescent. The extract was stored at 
-20° C. 
Dialyzed preparations were obtained by dialyzing the 
crude extract in a cellophane bag against 0.001M tris 
(pH 7*4) at 4° C for 24 hours. The tris buffer was changed 
at frequent intervals until 4 liters had been utilized. The 
buffer solution was agitated throughout the dialysis by the 
use of a magnetic stirrer. Studies were also made utilizing 
a cell-free extract that had been treated in an electro-
convection apparatus (Model E-C-25# E. C. Apparatus Company) 
for 2 hours. 
2i| 
Reagents 
NaHC-^Oj was prepared from BaC^Oj obtained from Oak 
Ridge National Laboratory according to the procedure described 
by Hug (1956). 
All other reagents were commercial preparations : oxal-
acetic acid, phosphoenolpyruvic acid (trieyelohexylamine 
salt), reduced triphosphopyridine nucleotide (TPNH), re­
duced diphosphopyridine nucleotide (DPNH), nucleoside poly­
phosphates (sodium salts), fruetose-1-phosphate, glyoxylic 
acid, hydr oxypr o pi on i c acid, DL-isocitric lactone, sodium 
acetate-1-C-^, sodium butyrate-l-C-^, were obtained from the 
California Foundation for Biochemical Research; reduced 
glutathione-, oxidized glutathione, triphosphopyridine 
nucleotide (TEN), diphosphopyridine nucleotide (DPN), barium 
salts of ribose-5-phosphate and phosphoglyceric acid, avidin, 
biotin, fruetose-6-phosphate, ketoglutaric acid, malic acid, 
calcium pantothenate, sedoheptulose anhydride, lactic dehydro­
genase, Nutritional Biochemical Corporation; lithium acetyl 
phosphate, coenzyme A, sodium pyruvate, Mann Research 
Laboratories, Inc.; crystalline adenosine triphosphate, 
sodium fruotose-l,^-diphosphate, tris(hydroxymethyl)amino-
methane, Sigma Chemical Company; methylmalonic acid (diethyl 
ester), ethylmalonic acid (diethyl ester), The Matheson 
Company; sodium fluoroacetate, University of Chicago; 
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ethylenediaminetetraacetate (EDl'A ), Hach Chemical Company; 
periodic acid and 0.5# eerie perchlorate solution in 6m 
perchloric acid, G. Prederich Smith Chemical Company; 
potassium propionate-1-C^4, Texas Foundation. 
Analytical Procedures 
Paper chromatography 
Paper and chambers Both ascending and descending 
techniques were used. Whatman No. 1 filter paper was used 
for most work, however, Whatman No. 3 mm. paper was used 
when a large amount of sample was applied. For more critical 
work and for the separation of organic acids the paper was 
washed with 0.1M citric acid, rinsed thoroughly with dis­
tilled water, and dried before use. Routinely one gallon 
wide-mouth jars were used as chambers and the ascending 
technique was employed. 
Solvents The following is a list of the solvents 
used and the compounds which were separated by each solvent. 
80 per cent phenol solvent (80 ml. melted distilled 
phenol and 20 ml. water) was used for the separation of 
amino acids, organic acids, sugars and phosphorylated 
compounds. 
EtAc-HCOOH-water solvent (ethylacetate 30 ml., formic 
acid 10 ml., and water 5 ml.) was used for the separation 
of organic acids and amino acids. 
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water solvent (9i? per cent ethanol tiO ml., 
concentrated ammonium hydroxide 5 ml., and water 20 ml.) was 
also used for the separation of organic acids and amino acids. 
By the combination of these two solvents (EtOH-NHj^-water and 
EtAc-HCOOH-water) most organic acids and amino acids could 
be separated and identified. 
BAF.Y (40 ml. n-butyric acid, i|0 ml. n-butanol, and 20 
ml. water) was used for the separation of amino acids," 
organic acids, sugars, and phosphorylated compounds. This 
solvent was used in combination with 80 per cent phenol quite 
effectively. 
Isoamyl alcohol saturated with 4^ formic acid was used 
to separate malonic, succinic, fumaric, methylmalonic, malic, 
ethylmalonic acid, and also the hydroxamates of methyl­
malonic acid. 
EtOH-NH^OH (95 per cent ethanol 100 ml. and concen­
trated ammonium hydroxide 1 ml.) was used to separate mono-
carboxylic acids from dicarboxylic acids. 
n-Butanol, ethanol, 0.5N NH^OH (7:1:2) was used to 
separate 2,4-dinitrophenylhydrazones of keto acids (El 
Hawary and Thompson, 1953)» 
Spraying reagents The various subs tances separated 
on the paper chromatograms were located by spraying the 
paper with appropriate specific reagents. 
Amino acids were detected with a ninhydrin reagent. 
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This reagent was prepared by dissolving 100 mg. or ninhydrin 
in 100 ml. of water-saturated butanol containing one per 
cent of acetic acid. After the spraying procedure, the 
paper was heated to 100° C for 10 minutes or longer. 
Organic acids separated by an acid solvent were de­
tected with a mixed acid-base indicator (Aronoff, 1956). 
The reagent was prepared by dissolving 0.5 g. of methyl 
yellow (dimethylaminobenzene) and 1.5 g. of brom phenol blue 
in 200 ml. of 95 per cent ethanol and adjusting the pH to 
6.3. This stock solution was diluted (one part indicator: 
twenty parts ethanol) before using as a spray reagent. The 
paper must be dried thoroughly before spraying with reagent 
in order to prevent interference by any traces of acid from 
the solvent. The color of the acid varies from yellow to 
red, depending upon the concentration of acid, on a blue-
green background. 
Organic acids separated by solvents containing ammonium 
hydroxide were detected according to Kennedy and Barker 
(1951)« Brom phenol blue (50 mg. in 100 mg. of water) was 
made acid with 200 mg. of citric acid. The spray was applied 
immediately after drying and the acid appeared as a blue spot 
on a yellow background. 
Phosphorylated compounds were located according to 
Bandurski and Axelrod (1951) using an ammonium molybdate 
reagent which was prepared by mixing 5 ml. of perchloric 
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acid (71 per cent, w/w), 25 ml. of ammonium molybdate 
solution (i| per cent, w/v), 10 ml. of 1 N HG1, and 60 ml. of 
water. The paper was sprayed lightly and heated at 75° C 
for a few minutes, during which time the inorganic phosphate 
appeared as a yellow spot. The paper was then exposed to 
ultraviolet light. ftie organic phosphate compounds appeared 
as blue spots and inorganic phosphate as green. 
Sugars were located with an ammonium molybdate reagent 
according to Aronoff and Vernon (1950)• Twenty ml. of 10 
per cent (w/v) ammonium molybdate were added to 3 ml. of 
concentrated HC1 (with constant stirring). Five grams of 
NH^Cl were then added to the solution. The paper was sprayed 
and then heated at 70° C for 20 minutes• Sugars appeared as 
blue spots. The reagent was prepared fresh each time. 
Ketosugars were detected with an orcinol reagent 
(Klevstrand and Nordal, 1950). The reagent was prepared by 
dissolving 0.5 g. of orcinol and 15 g* of trichloroacetic 
acid in 100 ml. of water-saturated butanol. The chromâto-
gram was sprayed with the reagent and then heated for 20 
minutes at 105° C. Sedoheptulose gave a bluish-green spot, 
ribulose was bluish-gray, and fructose was yellow. 
Elution and transfer of compounds Some of the 
compounds on the paper chromatograms, located by spraying or 
radioautography, were transfered to the origin of new paper 
chromatograms for further separation, identification, or co-
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chromatography. The method of Gregory (1955) was used for 
the direct transfer of the spot. The area surrounding the 
desired spot was cut in the form of a wedge and attached to 
another strip of filter paper by means of a basket weave. 
The paper strip was folded, stapled into the form of a 
cylinder, and placed in a small beaker of water. The new 
paper chromatogram was placed on the beaker in such a manner 
that the pointed tip of the wedge just made contact at the 
origin. The chromatogram was held in position by two sheets 
of cardboard with a circular hole cut out so the tip of the 
wedge could make contact through the cardboard. A stream of 
cotton filtered air was directed on the origin to speed 
evaporation of the water. The compound was eluted by the 
water and transfered quantitatively to the origin in this 
manner. 
If only elution of a certain compound was desired, the 
spot was cut from the chromatogram and eluted with a few ml. 
of water in a small test tube. The filter paper was removed 
by filtration or centrifugation and the eluate usually con­
centrated with a stream of filtered air. 
Paper electrophoresis 
A vertical (ridgepole) type electrophoresis apparatus 
(Shandon Scientific Co., London, England) was used for the 
separation of 2,l|-dinitrophenylhydrazones, amino acids, and 
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ux'ganic acids. SaLIsfac uury so para Li un u± 2,<4-dinitrophenyl-
hydrazones of << -keto acids was obtained in 3 to 4 hours at 
250 V (over 15 m A) with 0.05^ sodium carbonate electrolyte. 
The paper used for this purpose was Whatman No. 3 mm. filter 
paper. This technique also separated the amino acids into 
acidic and basic groups. 
Ion exchange 
Two Amber lite resins, IR-120 and IR-l^B, were used to 
separate a mixture of various radioactive compounds into 
cationic, anionic, and neutral fractions, according to 
Claridge (1953)• 
IR-120, a cationic exchanger, was converted to the 
hydrogen form with 5 per cent SCI. The resin was then washed 
with distilled water until neutral. 
IR-4B, an anionic ion exchanger, was converted to the 
hydroxyl form by treating with one per cent NaOH, followed 
by washing with distilled water until neutral. 
The two resins were placed separately in two columns, 
and arranged in series, with the cationic first. The solution 
of radioactive compounds was added to the cationic column and 
successive aliquots of distilled water added to elute neutral 
compounds from both columns. The cationic and anionic 
fractions were eluted with 4 N NH^OH, followed by water 
(Racusen, 1953)• 
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concentrated, separately under a vacuum at a temperature be­
low 35° G. Further concentration was accomplished by 
directing a stream of air over the solution in test tubes 
or beakers• 
Assay of radioactivity 
Radioautography The position of radioactive com­
pounds on paper chromatograms was located by radioautography 
(Fink and Fink, 1948). Kodak No-Screen medical X-ray film 
was placed on the paper in a Kodak X-ray exposure holder. 
Exposure time was estimated by counting the activity at the 
origin of the chromatogram before development. A radio­
activity of 200 counts per minute at the origin for one com­
pound insured a well defined spot on the radiogram after 10 
days of exposure. The exposed film was developed with D-l6 
Developer (Eastman Kodak) and cleared with a solution of 
sodium thiosulfate (294 grams per liter). 
End-window counter Radioactivity was measured with 
a lead.-shielded end-window (mica) G-e iger- Mue lier tube 
(Tracerlab type TGC2). Tne window thickness was 1.4 mg. per 
cm? The scaling unit used was Model 1&3, Nuclear Instru­
ment and Chemical Corporation. All counts were corrected 
for background. In most instances, the counting time was 
selected as to make the standard deviation within five per 
cent of the net count. 
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râper The spots of radioactive compounds on paper 
chromatograms were located by using a cardboard shield. A 
strip of the chroma to gram was moved, under a small opeining 
in the cardboard shield and the activity determined for this 
small area under the Geiger-Muelier tube. This technique was 
especially useful for the location of radioactive compounds 
when a large amount of sample was chromatographed to con­
centrate a radioactive compound. 
Preparation of radioactive samples for counting 
Glass planchets Routinely, the radioactivity of 
samples was determined on ground glass planchets. A micro-
pipette fitted with an Adams suction apparatus was used to 
apply an aliquot of sample to the planchet. Uniform plating 
was accomplished by the use of a small turntable and a stream 
of air from an air gun. No correction for seIf-absorption 
was necessary, since the amount of sample applied was either 
so small or the same throughout any one experiment. The 
samples were usually counted immediately after drying. 
2,4-Dinitrophenylhydrazone of oxalacetate Radio­
active oxalacetate formed in some experiments was identified 
as the hydrazone because of the ease of spontaneous decar­
boxylation of the free acid. One ml. of reaction mixture was 
added, to 5 mg. of carrier oxalacetate and treated with 9 ml. 
of a 2 N HC1 solution of 2,4-dinitrophenylhydrazone for one 
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hour a b ruoia Lempei-a uuro. Trie hydrazune solution was piacod 
in a refrigerator (4° G) overnight and the characteristic 
crystals of hydrazone collected on Whatman No. 1 filter 
paper. The crystals were washed with 5 ml. of 2 N HC1 and 
then with 1 ml. distilled water. The sample was dried and 
the radioactivity determined. 
Degradation of radioactive compounds 
Apparatus Most of the degradations involved the re­
lease of C-^Og and were carried out in an apparatus shown by 
Schafer (1958), which was similar to that of Aronoff (1956). 
A known amount of the radioactive compound was placed in the 
main flask and water added. Carbon dioxide-free nitrogen 
gas was flushed through the system during the degradation 
process. 
Various reagents were added depending on the compound 
being degraded and the C-^Og released from the radioactive 
compound was trapped in carbon dioxide-free 0.2 N sodium 
hydroxide. Barium hydroxide was added to the radioactive 
sodium bicarbonate and the radioactive carbon recovered as 
BaC^Oj. 
Glycolic acid Glycolic acid was degraded with 
periodic acid and perchloratoceric acid according to 
Aronoff (1956). 
Kydrazone of oxalacetic acid The carboxyl group of 
oxalacetate was decarboxylated by boiling the acidified 
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d^-dinitroptienylhydrazone solution (Bandurski and Greiner, 
1953). 
Methylmalony1 coenzyme A Methylmalonyl CoA was 
converted to methylraalonate and coenzyme A by alkaline 
hydrolysis. The reaction mixture was acidified and the 
radioactive solution was pipetted onto a ground glass 
planchet and dried under a stream of air. The planchet was 
heated to 135° C for 10 minutes. This temperature decom­
poses methylmalonic acid as well as malonic acid. 
Spectrophot ome try 
A Beckman D. U. Spectrophotometer with 1.0 cm. cells 
was used for the measurement of TPNH or DPNH concentration 
at 34o A Spectronic 20 (Bausch and Lomb) or a Klett 
colorimeter was used for the determination of optical density 
of various colored materials. 
Ribulose Gysteine-carbazole reaction (Dische and 
Borenfreund, 1951) was used for the measurement of ribulose-
5-phosphate from ribose-5-phosphate according to the method 
of Axelrod and Jang (1954)* The purple color developed was 
read in a Klett colorimeter with a 520 mji filter. Ribulose 
developes the maximum color intensity in 15-20 minutes with 
a peak at 54® mp in the cysteine-carbazole reaction (Cohen, 
1953). 
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Aldolase Aldolase activity was de &ermined by the 
method of Sibley and Lehninger (1949)* measuring the 
optical density in a Spectronio 20 at 540 iqu. 
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Fixation of Radioactive Carbon Dioxide into 
Oxalacetate by Cell-Free Extracts 
The Wood-Werkman reaction was proposed in 1935 to re­
present the empirical course of events in the assimilation 
of carbon dioxide by heterotrophic organisms (Wood and 
Workman, 1935)• In this reaction COg is fixed into pyruvate 
to form oxalacetate, which is converted stepwise to malate, 
fumarate, and succinate. 
The reaction was intended to represent a series of 
reactions and was not intended to present the finer details 
of the actual fixation. However, it was not anticipated that 
the course of the reaction would be altered, only that 
details would be added upon further study. 
Kalnitsky and Workman (1944) while studying the energy 
requirements of the reaction postulated that phosphorylation 
of intermediates would be shown to occur. Subsequent studies 
have shown that phosphoenolpyruvate is the COg acceptor in 
two distinct reactions for the fixation of CO^ to form 
oxalacetate. 
Bandurski and Greiner (1953) demonstrated an irreversible 
addition of CO^ to phosphoenolpyruvate by an enzyme prepara­
tion from spinach leaves. This enzyme, phosphoenolpyruvate 
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carboxylase, has been demons bra ued in wheab germ ex brae La 
(Tchen and Vermes land, 1955) and in Thiobacillus thiooxidans, 
a chemoautotrophic bacterium by Suzuki and Workman (1958). 
Utter and Kiurahashi (1954a> 1954b) described a 
reversible nucleotide-dependent reaction in bird liver, 
which forms oxalacetate from carbon dioxide and phosphoenol­
pyruvate. This reaction, which is catalyzed by the enzyme 
oxalacetic carboxylase (phosphoenolpyruvate carboxykinase), 
has also been shown in wheat germ extract (Tchen and 
Vennesland, 1955) and Thiobacillus thiooxidans (Suzuki and 
Workman, 1958). 
Both the nucleotide-dependent and the nucleotide-in-
dependent reactions were demonstrated in heterotrophic 
bacteria by Baugh et al. (1958, 1959)• 
The present investigation was undertaken to determine 
the methods of CO2 fixation in Nocardia corallina, a hetero­
trophic bacterium, and to gain more information concerning 
the mechanisms of these reactions. 
Experimental procedure 
The C-^Og fixation reactions were carried out in Warburg 
flasks with two sidoarms under an atmosphere of 100 per cent 
nitrogen. A solution of NaHC-*-4()j was added to one sidearm 
and the cell-free extract, prepared as previously described, 
was added to the other. The main chamber of the Warburg 
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I'lask contained the substrate, buffer, and any additional 
cofactors. When oxalacetate was utilized as the substrate, 
it was placed in a sidearm to reduce spontaneous decar­
boxylation. 
An atmosphere of 100 per cent nitrogen was obtained by 
flushing oxygen-free nitrogen through the flasks for 10 
minutes at 31° G. This period was also utilized to obtain 
temperature equilibrium. The contents of the sidearms were 
tipped into the main chamber after the flushing and temper­
ature equilibrium period. 
After incubation for the desired period of time, the 
reactions were stopped by the addition of trichloroacetic 
acid. The precipitated protein was removed by centrif-
ugation and an aliquot of the reaction mixture pipetted onto 
a ground-glass planchet# The planchet was dried under a 
stream of air on a revolving turntable and the amount of 
radioactive carbon dioxide assimilated into an organic form 
determined immediately as previously described. 
Phos phoenolpyruva te carboxylase 
The dialyzed cell-free extract was incubated with 
phosphoenolpyruvate (PEP) and C-^Og under various conditions. 
From the results recorded in Table 1 it is evident that the 
extract can fix C-^Og in a reaction similar to that catalyzed 
by phosphoenolpyruvate carboxylase. 
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Table 1. Phosphoenolpyruvic carboxylase activity" 
No. Addition Activity fixed 
(counts/min./0.1 ml) 
1 None 3 
2 PEP 0 
3 PEP, MnCl2 635 
4 PEP, MgCl2 0 
5 Pyruvate^ MnClg 20 
6 Pyruvate, MnClg, ATP 35 
7 OAA, MhClg 2 
aThe complete system contained tris(hydroxymethy1) 
aminomethane (pH 7*4) > 100 )i moles; NaMC^O^, 5 M moles (2 x 
107 cpm)j ethylenediaminetetraacetate, 2 p. moles ; cell-free 
extract (dialyzed), 0.5 ml. Total volume : 2 ml. Gas 
phase: 100/2 Ng. Temperature 31° C. Additions: PEP, 
pyruvate, ATP, and OAA, 3 p. moles each; IJnClg and MgClg, 
5 p. moles, each. The reaction was run for 1 hour and 
was stopped by the addition of 0.2 ml of $0% trichloro­
acetic acid. 
Carbon dioxide fixation occurs when PEP and manganese 
chloride are added to the basic system. The reaction takes 
place in the absence of added nucleotide and is apparently 
specific for PEP as pyruvate, or pyruvate and ATP, will not 
replace PEP. Magnesium chloride will not replace manganese 
chloride in the reaction. 
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With the dialyzed extract no absolute ion requirement 
could be demonstrated for the reaction. However, if 
ethylenediaminetetraacetate (EDTA), a chelating agent, is 
added to the reaction mixture the fixation of is 
completely inhibited. This inhibition can be reversed by 
the addition of excess manganese chloride but not by the 
addition of magnesium chloride. 
These results are contrary to the results obtained with 
spinach leaves (Bandurski, 1955) as this preparation re­
quired magnesium ions and a reducing agent. A wheat germ 
extract (Tchen and Vennesland, 1955) also had no absolute ion 
requirement but with EDTA magnesium or manganese satisfies 
the bivalent cation requirement of the reaction. 
Extracts of N. corallina. when freshly prepared did not 
require a reducing agent, however, older extracts (1-2 weeks) 
were inactive unless reduced glutathione was added to the 
reaction mixture. The spinach leaf preparation also required 
a reducing agent. 
Almost all of the radioactivity present on the glass 
planchets disappeared upon standing at room temperature for 
12-18 hours. This was taken as indirect evidence that 
oxalacetic acid was the product of the fixation reaction. 
Further identification of the fixation product was 
obtained by adding carrier oxalacetate to the acidified 
reaction mixture and preparing the 2,4-dinitrophenylhydrazone 
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of oxalacetate as previously described. The hydrazone was 
collected and then identified by paper chromatography, paper 
electrophoresis, and radioautography. When paper chromato­
graphy was utilized a solvent system of n-butanol, ethanol, 
0.5 N NH^OH (7:1:2) was used to develop the chromatogram._ 
With electrophoresis satisfactory separation of hydrazones 
was obtained in 3 hours at 300 V (10-12 mA) with 0.05 M 
NagOO^ electrolyte and Whatman No. 3 mm paper. 
The yellow hydrazone spots of oxalacetate, with both 
paper chromatography and electrophoresis, had identical 
shapes and positions as the radioactive compound as revealed 
on the exposed X-ray film. 
The location of the radioactive carbon atom in the oxal­
acetate molecule was determined by the method of Bandurski 
and Greiner (1953)» The radioactive 2,4-dinitrophenyl-
hydrazone of oxalacetate was collected as previously described 
and degraded by boiling an acidified aqueous solution for 1 
hour. The radioactivity of the carbon dioxide liberated was 
determined and it was found that all of the activity of the 
original hydrazone was released as C-^+Og. The C-^Og released 
was trapped in sodium hydroxide and converted to BaC^O^ as 
described previously. 
Since the @ carboxyl group of the oxalacetate 2,4-
dinitrophenylhydrazone is decarboxylated by this procedure 
(Bandurski and Greiner, 1953)» it is evident that the 
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activity recorded in Table 1 is that fixed into the 
carboxyl group of oxalacetate. 
This fixation of C^Og into PEP to form oxalacetate in 
the absence of added nucleotide is apparently irreversible 
in extracts of N. corallina since the exchange reaction 
(substrate :oxalacetate) does not occur under the conditions 
of the experiment. This irreversible fixation reaction is 
similar to the irreversible COg fixation reaction catalyzed 
by phosphoenolpyruvate carboxylase. No attempt was made to 
correlate the release of inorganic phosphate with the 
fixation of 00^ due to the small amount of 00^ fixed and the 
impurity of the enzyme preparation. 
Results shown in Table 2 indicate that maximum C-^Og 
fixation occurred at pH 7.1 to pH 7*4 in tris buffer. 
Table 2. Effect of pH on phosphoenolpyruvic carboxylase0 
No. pH Activity fixed 
(counts/min./O.l ml) 
1 
2 
i 
13 
8.1 
8.6 
9.0 
180 
178 
1 
aThe conditions and complete system were the same as in 
Table 1 except PEP and MnClg (3 p moles and 5 p. moles, re­
spectively) were included in the reaction mixture and the 
pH of the tris buffer was varied. 
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Qxalacetic carboyxlase 
The dialyzed cell-free extract was incubated in Warburg 
flasks with phosphoenolpyruvate (or oxalacetate) and 
as previously described. The results obtained are shown in 
Table 3« 
When phosphoenolpyruvate is used as the substrate 
(fixation reaction) and manganese ions are included in the 
reaction mixture, the addition of inosine diphosphate (IDP) 
greatly stimulates the amount of radioactive carbon dioxide 
fixed. If magnesium ions are substituted for manganese no 
fixation occurs unless IDP is added. These results demon­
strate the presence of a nueleotide-requiring fixing system 
in the extract. 
The product of fixation was identified as oxalacetate 
by the methods previously described. In some experiments 
radioactive aspartie acid was also formed. 
The activity of this enzyme was also determined by an 
oxalacetate-C^Og exchange reaction, a method first used by 
K r a m p i t z  e t  a l .  ( 1 9 4 3 )  w i t h  a  s t a b l e  i s o t o p e  o f  c a r b o n  ( ) .  
Oxalacetate (OAA) and radioactive carbon dioxide were in­
cubated with the cell-free extract under various conditions 
and the radioactivity incorporated in oxalacetate deter­
mined as previously described. The results, listed in Table 
3, show that the extracts incorporated C^+Og into oxal­
acetate when a nucleotide and a bivalent cation were 
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included in the reaction mixture. 
The exchange reaction requires the same cofactors as the 
fixation reaction. The results show the presence of a 
reversible fixation reaction similar to that catalyzed by 
oxalacetic carboxylase (phosphoenolpyruvate carboxykinase). 
Cobalt chloride will replace magnesium chloride or 
manganese chloride. However, pyruvate will not replace 
phosphoenolpyruvate and malate will not replace oxalacetate 
even with a variety of cofactors not shown in Table 3« 
Since magnesium can replace manganese as the bivalent 
cation in the reversible nucleotide dependent fixation 
reaction (oxalacetic carboxylase) and not in the irreversible 
fixation reaction (phosphoenolpyruvate carboxylase), this 
behavior was considered additional evidence that two separate 
carbon dioxide fixation systems involving phosphoenolpyruvate 
were being investigated. 
It was shown previously that a nucleotide is required 
for the reversible carbon dioxide fixation reaction. Table 
4 shows the effect of various nucleotides on carbon dioxide 
fixation by the dialyzed cell-free extract. Magnesium 
chloride was utilized in this study as it was determined 
previously that phosphoenolpyruvate carboxylase is inactive 
unless maganese ion is added. Thus, only the nucleotide 
dependent reaction is being measured in these experiments. 
45 
Table 3. Oxalacetic carboxylase activity3 
No. Addition Activity fixed 
(counts/min./O.l ml) 
1 PEP, MgClg 0 
2 PEP, MgC1g, IDP 496 
3 MgC 12 3 
4 PEP, MnClg 360 
5 PEP, IDP 0 
6 PEP, idnClg, IDP 622 
7 PEP, C o C 12 , IDP 746 
8 OAA, MgCl2 2 
9 OAA, MgCl2, I TP 252 
10 Malate, MgClg, ITP 0 
11 Pyruvate, ATP 19 
aThe complete system contained: Tris (ph 7*4) 100 p 
moles; NaHCl4o^ 5 p moles (2 x 10? counts/min.); cell-free 
extract 0.5 ml.; EDTA, 2 p. moles; and water to make a 
total volume of 2j0 ml. Gas phase 100% N2. The reaction 
was run for 30 minutes at 31 C. Reaction was stopped by 
the addition of 0.2 ml of $0% trichloroacetic acid. 
Additions : PEP, IDP, ITP, OAA, pyruvate and malate, 3 p 
moles each; MgC12, MnClg and CoClg 5 p moles each. 
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Table 4. El'l'eet or nucleotides on GUg fixation"-
No. Addition Activity fixed 
(counts/min./O.l ml) 
I 
I 
7 
1 
2 
None 
AD? 
IDP 
GDP 
UDP 
GDP 
IMP 
20 
770 
1070 
1128 
246 
8 
34 
aThe system was the same as in Table 3 except EDTA 
was omitted and GSH (5 p moles), PEP (3 p moles), and • 
MgClp (5 p. moles) were included in the complete system. 
Additions: ADP, IDP, GDP, UDP, GDP, IMP, 3 p moles each. 
Kurahashi e_t al. (1957) reported that with a purified 
enzyme preparation only guanosine diphosphate (GDP) and 
inosine diphosphate (IDP) could act as a cofactor for 
fixation into phosphoenolpyruvate. The results in Table 4 
show that GDP and IDP gave maximum activity among the 
nucleotides tested with PEP. Adenosine diphosphate (ADP) and 
uridine diphosphate (UDP) are also active in this extract, 
however, cytidine diphosphate (GDP) and inosine monophos­
phate (IMP) are inactive. The results obtained with the ex­
change reaction were similar with respect to the relative 
amount of activity obtained with each nucleotide. 
Cannata and Stoppani (1959) reported that in yeast 
preparations only the adenosine nucleotides are active in 
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chis reversible fixation reaction. Suzutci and. werkman (±950) 
found that only inosine nucleotides were active. Baugh, et 
al. (1959) gave the first report of guanosine and inosine 
nucleotides playing a role in the fixation of COg by hetero­
trophic bacteria. 
The fixation obtained with the adenosine (ADP, ATP) and 
uridine (UTP, UDP) nucleotides may be the result of traces of 
contaminating nucleotides in the commercial preparations 
and/or the presence of nucleotide diphosphokinase in the 
crude extract. This enzyme transfers phosphate between 
various di- and triphosphate nucleotides (including ADP and 
UDP) according to the following reaction. 
ATP + IDP < * ITP + ADP 
Table 5 shows results obtained with an extract that was 
subjected to electroconvection dialysis. When a crystalline 
ATP was substituted for the commercial amorphous ATP used in 
previous experiments, the activity decreased by over 50 per 
cent. This indicates that at least part of the activity ob­
tained with amorphous ATP was due to contaminating materials 
which contributed to the fixation reaction. 
Table 5 also shows the results of an experiment designed 
to demonstrate the presence of nucleoside diphosphokinase in 
the extract. When using oxalacetate as the substrate, the 
addition of a small amount of IDP (0.3 p mole) does not 
increase the fixation over the endogenous value. However, 
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Table 5. Nucleoside diphosphokinase activity^ 
No. Additions Activity fixed 
(counts/min./O.l ml) 
1 None l40 
2 ATP (amorphous) 710 
ATP (crystalline) 266 
IDP 120 
5 ATP, IDP 1578 
6 UTP 282 
7 UTP, IDP 851 
8 ITP 2098 
I 
aThe complete system contained: Tris (pH 7*4)* 100 jp 
moles; NaHC^M-Oo, 5 V- moles (2 x 107 counts/min.) ; cell-free 
extract, 0.5 ml.; OAA, 3 moles; MgClg, 5 p moles; cysteine, 
5 p. moles. Additions : IDP, 0.3 U mole; crystalline ATP, 
ATT, UTP, ITP, 3«0 n moles each. Reaction time: 30 minutes. 
when crystalline ATP is used in combination with this small 
amount of IDP, fixation is much greater than that obtained 
with this amount of ATP. The fixation obtained using this 
combination is equivalent to that obtained using 1.5 u 
moles of I TP. 
The UTP-IDP combination gives similar results indicating 
that an interaction between the nucleotides similar to the 
reaction catalyzed by nucleoside diphosphokinase. 
The results obtained with crystalline ATP and with the 
nucleoside diphosphokinase experiment suggest that both 
contaminating nucleotides in the commercial preparation and 
the presence of nucleoside diphosphokinase contributed to 
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che activity shown by cne nucleotides in Taole 5» 
The effect of IDP and ITP on their respective reactions 
is shown in Table 6. The effects of the two nucleotides are 
similar except for the decrease in fixation in the exchange 
reaction with the increasing nucleotide (ITP) concentration. 
An interesting point is the extremely small amount of 
nucleotide required for a significant increase in fixation. 
For example the addition of 0.075 H mole of IDP per ml. 
resulted in fixation approximately 80 per cent of the maximum 
fixation obtained. 
In a freshly prepared extract the addition of a reducing 
agent, such as, glutathione or cysteine, results in little or 
no stimulation of carbon dioxide fixation. However, when the 
extract is stored at -20°C. reduced glutathione or cysteine 
shows a progressively increasing amount of stimulation. 
Extracts stored 3 or 4 weeks show no oxalacetic carboxylase 
activity unless one of these reducing agents is added to the 
reaction mixture. 
The effect of f -chloromercuribenzoate on fixation is 
shown in Table 7• A concentration of 2.5 X 10~^M of inhibitor 
caused a complete inhibition. However, the addition of 25 
times as much reduced glutathione completely reversed the 
inhibition caused by 1 X 10"4m concentration of the inhibitor. 
These results demonstrate the dependence of the enzyme upon 
sulfhydryl groups for its activity. 
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Table o. jsriect ox nucleotide concenbrauiun2-
No, Concentration 
(m moles/ml X 10"5) 
Activity fixed 
(counts/min./O.l ml) 
IDP ITP 
1 0.00 99 210 
2 7.50 1036 536 
3 15.00 ii44 653 
4 37.50 1233 850 
5 75.00 1222 956 
6 150.00 1276 482 
OAA 
aThe conditions were the same as 
were used as substrates with IDP 
in Table 5» PEP and 
and ITP, respectively. 
Table 7• Inhibition of COp-fixation with p -chloromercuri-
benzoatea 
No. Additions M GSH Activity fixed 
f-chloromercuribenzoate ( counts/min./O.1 ml) 
1 None None 438 
2 None 2.5 X 10" 3 772 
3 2.5 x 10-p None 0 
4 1.0 X 10"4 None 0 
5 1.0 x 10-4 2.5 X 10" 3 836 
aThe conditions were the same as in Table 5 except OAA 
was replaced by PEP and IDP (3 p moles) was included in the 
complete system. 
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In phosphate buffer the fixation reaction had an apparent 
optimum at pH 6.6-6.8 (Table 8). The activity falls off 
fairly rapidly on the acid side and more slowly on the 
alkaline side. The optimum pH of the exchange reaction is 
apparently 7-4 in phosphate buffer. 
It must be considered that optimum incorporation of 
radioactive carbon dioxide in the exchange reaction does not 
necessarily mean optimum enzyme activity. In the exchange 
reaction, as measured by C-^Og assimilation, both the de­
carboxylation reaction and the carbon dioxide fixation 
reaction are occurring. Therefore, the C-^Og assimilated by 
the extract is not a true measure of the enzyme activity but 
a measure of the resultant activity. 
The optimal concentration of NaHC^O^ was determined 
and typical results are shown in Table 9* Since PEP car­
boxylase is dependent upon the manganese ion, the experiments 
concerning the effect of concentration were carried out 
with magnesium chloride to eliminate any interference. No 
apparent optimal concentration of C^Og was detected. However, 
about 2.5 ju moles the increase in activity is no longer 
proportional to the increase in concentration. 
Table 10 shows results obtained with fixation when biotin 
or avidin is added to the reaction mixture• It is apparent 
from these results that neither avidin, an inhibitor of biotin 
activity, nor biotin has any influence on the fixation of 
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Table 6. Effect of pii on 
i )• 
C-TOg fixation* 
No. PH Activity fixed 
(counts/min./O.l ml) 
PEP, IDP OAA, ITP 
1 
2 
1 
7 
6.0 
6.1i 
6.6 
6.8 
£5 
6^8 
13j% 
i34o 
$ 
828 
s? 
622 
956 
1262 
2030 
1734 
aThe conditions were the same as in Table 5 except 
O.IM phosphate buffer (100 u moles) was substituted for 
tris buffer. 
Table 9» Effect of NaHC-^O-j concentration on C^4op 
fixation* 
No. Concentration 
NaHC^Oj ()i moles) 
Activity fixed 
(counts/min./O.l ml) 
1 0.50 151 
2 1.25 341 
3 2.50 884 
4 3.75 761 
5 5.00 800 
6 7.50 1051 
7 10.00 1195 
aThe conditions were the same as in Table 5 except PEP 
and IDP (3 jx moles) were included in the complete system. 
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rable lu. tiffeet of avidin ana Diocin on fixation into 
oxalacetatea 
No. Additions Activity fixed 
(counts/min./O.l ml) 
1 None 765 
2 Biotin 749 
3 Avidin 782 
4 Biotin, avidin 798 
aThe conditions were the same as in Table 5 except OAA 
was replaced by PEP and IDP (3 P- moles) was included in the 
complete system. Additions: biotin, 2.5 p grams; avidin, 
0.25 units. In experiment number 3 the avidin was pre-
incubated with the extract for 20 minutes. In experiment 
number 4 the avidin was preincubated with biotin for 20 
minutes before the addition of avidin to the extract. 
carbon dioxide into oxalacetate. These results are contrary 
to those reported by Wessman and Workman (1950) for Micro­
coccus lysodeikticus. This organism apparently fixes carbon 
dioxide into oxalacetate by another mechanism (Utter and 
Kurahashi, 1954b). 
Malic enzyme 
Neither malic enzyme nor malic dehydrogenase activity could 
be demonstrated in the dialyzed cell-free extract when 
measured spectrophotometrically by the reduction of triphos-
phopyridine nucleotide (TPN) or diphosphopyridine nucleotide 
(DPN). When ma la te is incubated with C^Og and the extract 
in the presence of TPN or DPN, there is no significant 
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fixation occurs with fumarate or succinate as the substrate. 
Fatty Acid Garboxylation by Cell-Free Extracts 
Since the discovery of heterotrophic carbon dioxide 
fixation as represented by the Wood-Werkman reaction, 
numerous other carbon dioxide fixation reactions have been 
demonstrated. Recently carbon dioxide fixation reactions 
(carboxylation) involving coenzyme A esters of fatty acids 
have assumed importance in the study of intermediary metab­
olism. 
Acetyl coenzyme A has been shown to be carboxylated in 
animal tissue to form malonyl coenzyme A (Wakil, 1958)• The 
carboxylation of acetyl Co A is now considered to be a key 
reaction in the synthesis of palmitate from acetate in animal 
tissue (Wakil, 1958). 
The carboxylation of propionyl coenzyme A in animal 
tissue (Flavin and Ochoa, 1957) and in the propionic acid 
bacteria (Swick and Wood, i960) to form methylmalonyl co­
enzyme A is now well estabolished. This reaction can be con­
sidered to provide a pathway for the conversion of propionate 
to carbohydrate (Lardy and Adler, 1956). 
Recently Stern et al. (1959) described a carboxylation 
reaction in animal tissue in which butyryl coenzyme A is 
converted to ethylmalonyl coenzyme A. In this system acetyl 
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CwôùZjiuë A âiid pi'-upiuuy 1 cvétisyme A are also carooxylabed. 
The metabolic significance of ethylmalonyl coenzyme A is un­
known at present, however, the occurrence of an is ornerase 
which converts ethylmalonyl GoA to glutaryl CoA has been 
suggested (Stern jet al., 1959) » 
Experimental procedure 
The G-^+Og fixation reactions were carried out in Warburg 
flasks with two sidearms as previously described. The cell-
free extract was dialyzed in an E. C. electroconvection 
apparatus for two hours against 0.001 M tris(hydroxymethy1)-
aminomethane buffer (pH 7*4) • The reaction was stopped by 
the addition of 12 N HC1 and the carbon dioxide (or radio­
active acid) assimilated determined as previously described. 
Propionate carboxylation 
Erb (1934)» working in Workman's laboratory, demon­
strated that propionic acid bacteria decarboxylate succinate 
to form propionic acid and carbon dioxide. Lardy and Adler 
(1956) reported that liver mitochondria carboxylate propionate 
when adenosine triphosphate, coenzyme A, and a bivalent ion 
are present in the reaction. Radioactive succinate was re­
covered from the reaction mixture and identified. 
Flavin and Ochoa (1957) demonstrated with animal tissue 
that methylmalonyl coenzyme A is the immediate product of the 
fixation reaction rather than succinate. Methylmalonyl 
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coenzyme A can be converted to succinyl coenzyme A by methyl-
malonyl CoA isomerase, which was present in the extract. 
Cell-free extracts of Nocardia corallina, dialyzed in an 
E. C. electroconvection apparatus for 2 hours, were tested 
for ability to carboxylate propionate and the results are 
shown in Table 11. It is apparent that the dialyzed prep­
aration can carboxylate propionate if coenzyme A, adenosine 
triphosphate, reduced glutathione, and a bivalent cation are 
present. Magnesium chloride or manganese chloride will 
satisfy the requirement for a bivalent cation. 
The dialyzed extract is approximately 50 per cent as 
active as one not dialyzed and is inactive unless reduced 
glutathione is added. The undialyzed preparation does not 
require the addition of a reducing agent. 
No radioactive carbon dioxide is assimilated by the ex­
tract when methylmalonic acid is used as substrate, however, 
the hydroxamic acid of methylmalonic acid could not be de­
tected under the conditions of the experiments. These 
results indicate that the extract can not form methylmalony1 
coenzyme A from methylmalonic acid and the cofactors and does 
not necessarily mean that the reaction is irreversible in 
this extract. 
When a dialyzed extract was utilized, the only radio­
active compound recovered from the reaction mixture was a 
coenzyme A ester identified as methylmalonyl coenzyme A by 
57 
Table 11. Propionyl carboxylase activity* 
No. Reactant omitted Additions Activity fixed 
(counts/min./O.l ml) 
1 
2 
i 
7 
8 
None 
Propionate 
Propionate 
MgClo 
MgClo 
ATP 
CoA 
GSH 
None 
None 
Methylmalonate 
None 
MnClg 
None 
None 
None 
432 
20 
ii 
418 
zl 
i4 
aThe complete system contained; Tris (pH 7*4)» 70 p. 
moles; NaHCl40o, 5 >i moles (IX 10" cpm); reduced 
glutathione, ITpropionate, and MgClg, 5 moles each; ATP, 
3 u moles; CoA, 0.3 p. moles; cell-free extract (dialyzed), 
0.5 ml; and water to make a total volume of 2.0 ml. 
Additional methylmalonate and MnClg, 5 p. moles each. Gas 
phase: 100# Ng» The reaction was run at 31° C. for 30 
minutes and stopped by the addition of 0.2 ml. 12N HC1. 
the following procedures: (1) upon alkaline hydrolysis and 
acidification a non-volatile radioactive acid was obtained 
which decomposed at 135° C. and also was decomposed by 
boiling in a potassium permanganate solution (Flavin and 
Ochoa, 1957); (2) radioautograxns of the radioactive acid 
showed that it moved to the same position as authentic 
methylmalonic acid in two solvents (isoamyl alcohol saturated 
with 4 M formic acid and ethanol:N3^OR:R^O); (3) upon the 
addition of hydroxylamine to an alkaline reaction mixture, 
a radioactive hydroxamic acid was obtained which migrated to 
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the same position as authentic methylmaionicmononyaroxamic 
acid. 
When undialyzed preparations are utilized, radio­
active succinic acid was shown to be present along with 
methylmalonyl coenzyme A, indicating the presence of methy1-
malonyl coenzyme A isomerase. However, the major portion of 
the activity was in glycollic acid. The reactions leading 
to the formation of glycollic acid have not been studied in 
this organism. 
Nucleotides other than adenosine triphosphate are active 
in the carboxylation of phosphoenolpyruvate. Therefore, 
their influence on the carboxylation of propionate was deter­
mined. The nucleotides used in this study were inosine-, 
uridine-, cytidine-, adenosine-, and guanosine triphosphates. 
The abbreviations used were ITP, UTP, OTP, ATP, and GTP, 
respectively. 
The results of the study are summarized in Table 12. 
Adenosine triphosphate was the only nucleotide which proved 
effective in the carboxylation of propionate. The results 
also show that the other nucleotides tested do not sig­
nificantly influence the reaction even in the presence of ATP. 
This indicates that although propionyl coenzyme A is formed 
(with ATP) the other nucleotides can not serve as cofactors 
in the carboxylation reaction. 
The optimal concentration of the various reactants 
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Tat#lô 12. Si"fee L uf uuuioo Li dos un propionyl carboxylase™ 
No. Additions Activity fixed 
(counts/min./O.l ml) 
1 None 0 
2 ATP 592 
3 ITP 8 
4 UTP 24 
5 OTP 
6 OTP 16 
7 
8 
ATP, ITP 
ATP, UTP 
9 ATP, G TP 512 
10 ATP, OTP 
aThe complete system and the conditions were the same 
as in Table 11 except for the nucleotide omission. Addi­
tions : ATP, ITP, UTP, OTP and OTP, 3 p moles each. 
(propionate, coenzyme A, adenosine triphosphate, and 
magnesium chloride) was determined for the carboxylation 
reaction. 
The results obtained with various concentrations of 
propionate are shown in Table 13. The optimal concentration 
is apparently 2.5 u moles. However, no significant dif­
ference in the activity fixed is apparent between 2.5 u 
moles and 5 u moles. It should be considered that the 
measurement of the incorporation is actually a resultant of 
at least two reactions. Both the formation of propionyl 
coenzyme A and the carboxylation reaction are influencing 
the amount of activity fixed. 
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rabie 13» Optimal concentration or propionate" 
No. Addition Activity fixed 
(counts/min./0.1 ml) 
1 0.00 52 
2 0.05 248 
3 0.25 488 
4 0.50 584 
5 1.25 612 
6 2.5 676 
7 5.0 656 
aThe complete system and conditions were the same as 
in Table 11 except for the omission of propionate. Addi­
tion: propionate (in p moles). 
An optimal concentration of coenzyme A can not be 
detected (Table l4)« However, above 1«5 p. moles the in­
crease in fixation is no longer proportional to the increase 
in concentration of the coenzyme A. 
The optimal concentration of adenosine triphosphate is 
apparently 3»0 p moles (Table 15)• However, the nucleotide 
is participating in two reactions. It is a necessary co-
factor for both the formation of propionyl CoA and for the 
carboxylation reaction. 
The apparent optimal concentration of magnesium chloride 
Is shown in the results summarized in Table 16= Addition of 
five .u moles results in maximum fixation activity. In­
creasing the concentration above this amount results in a 
slight decrease. 
6l 
Table 14. S CD O ct of coenzyme A on propionate carboxylation4* 
No. Addition Activity fixed 
(counts/min./O.l ml) 
1 
2 
i 
7 
0.00 
3.0 
7.5 
15.0-
30.0 
45. 0 
60.0 
72 
100 
172 
298 
I 
aThe 
in Table 
ditions: 
complete system and conditions were the same as 
11 except for the omission of coenzyme A. Ad-
coenzyme A (in m moles/ml X 1CT4). 
Table 15. Optimal concentration of adenosine triphosphate8-
No. Addition Activity fixed 
(counts/min/0.1 ml) 
1 
2 
t 
7 
0.00 
0.30 
1.00 
1.50 
3.00 
U.50 
6.00 
1 
22 
111 
1^0 
11*8 
143 
111 
aHae complete system and conditions were the same as 
in Table 11 except for the omission of adenosine triphos­
phate. Addition: adenosine triphosphate (in p. moles). 
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No. Addition Activity fixed 
(counts/min./O.l ml) 
1 0.00 20 
2 0.50 68 
3 1.25 100 
4 3.00 210 
5 5.oo 322 
6 7.50 298 
7 10.00 276 
The complete system and conditions were the same as in 
Table 11 except for the omission of MgClp. Addition: 
MgClg (in p. moles). 
Table 17 shows results obtained when the carboxylation 
reaction was checked at various pH values. The optimal pH 
in tris(hydroxymethyl)aminomethane buffer is 7.8. The amount 
of activity fixed drops off rapidly as the pH is lowered be­
low 7.8; however, it drops off slightly at higher pH values. 
In phosphate buffer very little C-^Og was fixed at acid pH 
values. The amount of carbon dioxide fixed increased with 
increasing pH values with maximum fixation at pH 8.1|. 
Radioactive potassium propionate was utilized to study 
the incorporation of propionate into a non-volatile form 
and its subsequent metabolism. Table 18 shows the results 
obtained using radioactive propionate and various com­
binations of cofactors. The same cofactors required for 
C^Og fixation are also necessary for the incorporation of 
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No. pH Activity fixed 
(counts/min./O.l ml) 
A 
1 7.0 l66 
2 7.2 171 
3 7.4 181 
S 7.6 2$6 
5 7.8 363 
6 8.0 34o 
7 8.4 347 
B 
1 6.0 15 
2 6.4 24 
3 6.3 40 
4 7.2 82 
5 7.4 119 
6 7.6 152 
7 8.0 193 
8 8.4 251 
aThe complete system and conditions were the same as in 
Table 11 except for the buffer. Section A: O.IM tris 
buffer (100 n moles). Section B: O.IM K phosphate buffer 
( 100 ]i moles) . 
radioactive propionate into a non-volatile form. Additional 
bicarbonate does not stimulate the uptake of radioactive 
propionate indicating that sufficient carbon dioxide is 
present due to the endogenous metabolism of the extract. 
Results shown in Table 19 were obtained by utilizing 
radioactive propionate and either C-^Og or C-^Og. When 
radioactive bicarbonate is included along with radioactive 
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No, Omission Activity fixed 
(counts/min./O.l ml) 
1 None 6l6 
2 ATP 2 
3 CoA 3 
4 MgClp 16 
5 GSH 12 
aThe complete system contained: Tris (pH 7*4)» 70 ;u 
moles; NaHCO?, K-propionate-l-Cl4 (1 X 10 cpm); reduced 
glutathione, and MgClg, 5 M moles each; ATP, 3 p. moles; 
coenzyme A, 0.3 p- mole; cell-free extract (dialyzed), 0.5 
ml; and water to make a total volume of 2.0 ml. The 
conditions were the same as in Table 11. 
Table 19* Effect of bicarbonate on propi ona te-1-C ^4 
carboxylation* 
No. Addition Activity fixed 
(counts/min./O.l ml) 
1 None 612 
I » # 
aThe complete system and conditions were the same as 
in Table 18. except for,the omission of NaHCOo. Additions: 
KHCOj, KHCI4O3 (1 X 10" cpm) 5 P- moles each. 
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reaction mixture as with non-radioactive bicarbonate, in­
dicating an equal incorporation of and propionate-1-
c*h. 
The same radioactive compound (methylmalonyl coenzyme A) 
is obtained by the use of radioactive propionate as with 
propionate and radioactive bicarbonate. A small amount of 
radioactive propionyl GoA was detected in the reaction mixture 
when propionate-l-C^-4 was the substrate. 
Wessman and Workman (1950) presented the first direct 
evidence for a biotin-containing enzyme. They demonstrated 
that carbon dioxide incorporation into oxalacetate by ex­
tracts of Micrococcus lysodeikticus is inhibited by avidin, 
an inhibitor of biotin activity, and that this inhibition is 
prevented by free biotin. Lynen et al. (1959) found a biotin-
containing enzyme from bacteria that catalyzes the car­
boxylation of l^-methylcrotonyl coenzyme A and presented 
evidence for an enzyme-biotin-GO^ complex. Stadtman et al. 
(i960) found that in the presence of avidin the carboxylation 
of propionate is completely inhibited. 
The effect of avidin and biotin upon the carboxylation 
of propionate by extracts of Nocardia corallina was inves­
tigated and the results presented in Table 20. Avidin 
completely inhibits the fixation of C-^+Og when incubated with 
the extract for 20 minutes prior to the fixation reaction. 
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carboxylation* 
No. Additions Activity fixed 
(counts/min./O.l ml) 
1 None 400 
2 Avidin ,3 
3 Avidin, biotin 442 
4 Biotin 418 
5 Avidin, biotin 2 
The complete system was the same as in Table 11. The 
avidin in experiments 2 and 5 was incubated with the extract 
for 20 minutes prior to the addition of reactants. The 
avidin in experiment 3 was pre-incubated with biotin for 20 
minutes before incubation with the extract. The biotin in 
experiment 5 was added after the avidin had reacted with the 
extract for 20 minutes. Additions: avidin, 0.25 units ; 
biotin, 2.5 p. grains. 
Avidin pre-incubated with biotin has no effect. Neither 
the addition of biotin in the absence of avidin nor the 
addition of biotin after the exposure of the extract to 
avidin for 20 minutes has any effect on the carboxylation 
reaction. These results indicate that bound biotin is in­
volved in the carboxylation of propionyl CoA, possibly, in 
the formation of an enzyme-biotin-COg complex as suggested 
by Lynen et al. (1959)• 
Results obtained utilizing propionate-l-C^-4 and either, 
C-^Og or C-^Og (Table 21) show that propionate-l-C-^ 4 is 
converted to a non-volatile form even in the presence of 
avidin. Upon alkaline hydrolysis and acidification of the 
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assimilation* 
No. Additions Activity fixed 
(counts/min./O.l ml) 
1 None 612 
2 Avidin 6o4 
3 Avidin, biotin 6oo 
4 Biotin 6i4 
5 Avidin, biotin 624 
6 None 1292 
7 Avidin 612 
8 Avidin, biotin 1284 
aThe complete system was the same as in Table 18 except 
that in experiments 6, 7» and 8 NaHCOo,was replaced by the 
same concentration of NaHC^O^ (1 X lu" cpm). Additions: 
avidin, 0.25 units; biotin, 2.5 P- grams. The avidin in 
experiments 2, 5, and 7 was incubated with the extract for 
20 minutes prior to the addition of the reactants. The 
avidin in experiments 3 and 8 was pre-incubated with biotin 
for 20 minutes before incubation with the extract. The 
biotin in experiment 5 was added after the avidin had 
reacted with the extract for 20 minutes. 
reaction mixture, a radioactive volatile acid (identified 
as propionic acid) is the only radioactive compound recovered 
from the reaction mixture. This evidence shows that avidin 
inhibits the carboxylation of propionyl coenzyme A but not 
the formation of propionyl coenzyme A. Table 21 also shows 
that the two fold increase in activity due to the addition 
of C-^Og to propionate-l-C -^4 ( Table 19) is inhibited by 
avidin but not by biotin treated avidin. 
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Brady and Gurin (1952) reported that the inclusion of 
bicarbonate permitted the preparation of a consistently 
active enzyme system from pigeon liver which catalyzed the 
conversion of acetate or acetyl coenzyme A to long chain 
fatty acids. The significance of this observation was not 
fully realized until the complete dependence of fatty acid 
synthesis on the presence of bicarbonate, adenosine triphos­
phate, and a bivalent cation (magnesium or manganese) in 
addition to acetyl coenzyme A, was demonstrated (Gibson ejb al.t 
1958). 
The finding that the HC-^O^ ion was not incorporated 
into long chain fatty acids by enzyme systems which required 
the presence of bicarbonate suggested that acetyl coenzyme A 
was first carboxylated to malonyl coenzyme A (Gibson et al., 
1958)• The enzymatic carboxylation of acetyl coenzyme A was 
demonstrated soon thereafter (Wakil, 1958). 
Cell-free extracts of Nocardia corallina were tested for 
ability to carboxylate acetate and the results are summarized 
in Table 22. It is apparent from these results that 
adenosine triphosphate, coenzyme A, reduced glutathione, and 
a bivalent cation are necessary for the carboxylation of 
acetate by the extract. These are the same cofactors that 
are necessary for the carboxylation of acetate in animal 
tissue and also for the carboxylation of propionate by 
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Table 2? - Car»borylati on of* n.cftt? t-ea 
No. Reactant omitted Additions Activity fixed 
(counts/min./0.1 ml) 
1 None None 364 
2 MgClg None 14 
3 ATP None 4 
4 CoA None 4 
5 Kacetate None 6 
6 Kacetate Naacetate 8 
7 Kacetate Kmalonate 0 
8 GSH None 0 
9 MgCl2 MnClg 356 
aThe complete system contained: Tris (pH 7*4)» 70 p. 
moles; KHC-*-40q,, 5 M moles (1 X 10" cpm); GSH and MgClg, 5 M 
moles each; ATP, 3 M moles; cell-free extract 0.5 ml.; and 
water to make a total volume of 2.0 ml. Gas phase: 100$ 
$2• The reactions were run for 30 minutes at 31° C. and 
stopped by the addition of 0.2 ml of 12 N HC1. Additions : 
Naacetate, Kmalonate, and MnClg, 5 moles each. 
extracts of N. corallina. 
Table 23 shows that nucleotides other than adenosine 
triphosphate (ITP, GTP, UTP, and OTP) do not influence the 
reaction in the presence or absence of ATP. 
The carboxylation of acetate by the extract is similar 
to the carboxylation of propionate as maximum 0^40g fixation 
occurred at pH 7.8 in tris buffer (Table 2l+). The activity 
falls off rapidly on the acid side and more slowly on the 
basic side of pH 7.8. 
Table 25 shows the effect of acetate on the reaction. 
Five moles of acetate resulted in maximum C-^Og fixation. 
70 
' 110 Vt 1 O P *2 T f* f* /> yv 4- o. >•> J /» >• —• v* — -—- — — —, — •— V •— — - - "^ -* —- - ?, 
— —— w —— w w v i i» « ^ v w v wa A4 m v «*. v V w —U Cl C O CL W O 1/ CL ly C Lf Ql U UA V XCl O O 
No. Additions Activity fixed 
(counts/min./O.l ml) 
1 None 4 
2 
3 
ATP 
ITP 36t 
4 UTP 14 
5 OTP 1 
6 GTP 16 
7 ATP, ITP 346 
8 ATP, UTP 324 
9 ATP, GTP 352 
10 ATP, GTP 314 
aThe complete system and the conditions were the same 
as in Table 22 except for the nucleotide omission. Addi­
tions: ATP, ITP, UTP, OTP, and GTP, 3 M moles each. 
Table 2l+. Optimal pH for acetate carboxylation* 
No. PH Activity fixed 
(counts/min./O.l ml) 
1 7.0 186 
2 7.2 180 
3 7.4 198 
4 7.6 288 
5 7.8 384 
6 8.0 362 
7 8.4 356 
aThe complete system and conditions were the same as in 
Table 22 except for the variation in pH of the tris buffer. 
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No. Addition Activity fixed 
(counts/rain./0.1 ml) 
1 0.00 24 
2 o.o5 32 
3 0.25 36 
4 o.5o 96 
5 1.25 136 
6 2.50 256 
7 5.oo 320 
8 10.00 224 
aThe complete system and conditions were the same as 
in Table 22 except for the omission of acetate. Addition: 
acetate (in p. moles). 
Increasing the concentration results in a slight decrease 
in activity. When the sodium salt of acetate is used no 
significant C^4o^ fixation occurs. Studies with radio­
active acetate showed that this amount (5 M moles) of 
sodium completely inhibits the formation of acetyl co­
enzyme A. 
All of the converted into a non-volatile form was 
in coenzyme A esters. After alkaline hydrolysis of the 
reaction mixture, radioactive malonic acid was recovered and 
identified. The malonate was identified by co-chromatography 
with known malonic acid in two solvents and by radio-
autography. Radioactive methylmalonic acid-was present in 
greater amounts than malonate as judged by the intensity of 
the radiation shown by the X-ray film. 
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Malonate can not be substituted for «estate in the 
reaction. The coenzyme A ester of malonate can not be 
demonstrated in the reaction mixture by the use of paper 
chromatography. Since the extract apparently can not form 
the coenzyme A ester, it was not possible under the con­
ditions of the experiment to determine whether the car­
boxylation reaction was reversible. 
The assimilation of radioactive acetate by the extract 
was also studied and the results shown in Table 26. The same 
cofactors are necessary for the incorporation of acetate as 
are necessary for the assimilation of carbon dioxide when 
acetate is the substrate. The same radioactive compounds 
(malonate and methylmalonate) were recovered from the 
hydrolyzed reaction mixture. Some radioactive acetyl coenzyme 
A was also formed. 
Table 27 shows that when radioactive acetate is used as 
the substrate for carboxylation there is no significant dif­
ference in the activity fixed if either or C-^O^ was 
added. When the reaction mixture is subjected to alkaline 
hydrolysis and then acidification, slightly more activity is 
found in the mixture which contains radioactive carbon 
dioxide than the one which contains only radioactive acetate. 
This result indicates that the more rapid formation of radio­
active acetyl coenzyme A is masking the carboxylation re­
action. After alkaline hydrolysis and acidification only 
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No. Omission Activity fixed 
(counts/min./0.1 ml) 
1 None 
2 ATP 
3 CoA 
4 MgClp 
5 GSH 
1213 
44 
38 
0 
The complete system contained: Tris (pH 7*4)» 70 M 
moles; KHCO3, K-acetate-l-C-^-4 (1 X 10 cpm), reduced 
glutathione, and MgClg, 5 p. moles each; ATP, 3 M moles; 
coenzyme A, 0.3 p moles; cell-free extract (dialyzed), 0.5 
ml; and water to make a total volume of 2.0 ml. The con­
ditions were the same as in Table 22. 
Table 27• Effect of bicarbonate on 
boxylationa 
acetate-l-C-^4 car-
No. Addition Activity fixed 
(counts/min./0.1 ml) 
1 None 
2 KHCO3 
3 KHC-^ 4 
1145 
1213 
H90 
aThe complete system and conditions were the same as in 
Table 26 except for the.omission of KHCOO. Additions: 
KHCO3, KHC-^O], (1 X 10" cpm), 5 p moles each. 
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the non-volatile radioactive acids are contributing to the 
measurement. 
An equimolar relationship of acetate-l-C^4 and 
incorporation was not found (as in the case of propionate-
1-C1^  and C^Og). Only slight C-^Og fixation occurs when 
acetate-l-O-^-4 is utilized. 
Wakil and Gibson, (i960) demonstrated that avidin in­
hibits the carboxvlation of acetyl coenzyme A in animal 
tissue. The results recorded in Table 28 show that in­
cubation of the extract with avidin completely inhibits the 
fixation of by the extract. Avidin pre-incubated with 
biotin does not inhibit the reaction. Similar to the car-
boxylation reaction involving propionate, the addition of 
biotin after the extract has been exposed to avidin does not 
reverse the inhibition. The addition of free biotin does not 
influence the reaction. These results were considered 
evidence for the presence of bound-biotin in the enzyme. 
When acetate-1-C-*-4 is utilized in the reaction, avidin 
does not influence the formation of acetyl coenzyme A but 
does inhibit the carboxylation reaction (Table 29). In the 
presence of avidin all of the activity fixed is in the form 
of a volatile acid after alkaline hydrolysis and acidifi­
cation. This radioactive acid was identified as acetic acid. 
75 
1 f ' ft V> 1 A P P TJ1 f * f* o A ^ > » "Î x-4 * *»» #•» v-> «J V« * >-s ^ — v» *• »• * "&» <->, »— —; 
— m w — w —— w * m» >k w w w w* v «to vti •*- *< kA »au w ^ s/ v<*44 Uii Q k> O V Ot V O Vy CL X ~ 
boxylationa 
No. Additions Activity fixed 
(counts/min./0.1 ml) 
1 None 34p 
2 Avidin 4 
3 Avidin, biotin 8 
4 Biotin 358 
5 Avidin, biotin 352 
The complete system was the same as in Table 22. The 
avidin in experiments 2 and 5 was incubated with the ex­
tract for 20 minutes prior to the addition of the reactants. 
The avidin in experiment 3 was pre-incubated with biotin for 
20 minutes before incubation with the extract. The biotin 
in experiment 5 was added after the avidin had reacted with 
the extract for 20 minutes. Additions : avidin, 0.25 units ; 
biotin, 2.5 H grams. 
Table 29» Effect of avidin on acetate-1-0^4 assimilation* 
No. Additions Activity fixed 
(counts/min./0.1 ml) 
1 None 1213 
2 Avidin 1190 
3 Avidin, biotin 1250 
aThe complete system was the same as in Table 26. The 
avidin in experiment 2 was incubated with the extract for 
20 minutes prior to the addition of the reactants. The 
avidin in experiment was pre-incubated with biotin for 20 
minutes before incubation with the extract. Additions: 
avidin, 0.25 units; biotin, 2.5 /U grams. 
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Stern et al. (1959) described a carboxylation reaction 
in animal tissue in which butyryl coenzyme A is converted to 
ethylmalonyl coenzyme A. In this system acetyl coenzyme A 
and propionyl coenzyme A are also carboxylated. The meta­
bolic significance of ethylmalonyl coenzyme A is unknown at 
present, however, the occurrence of an isomerase which con­
verts ethylmalonyl CoA to glutaryl CoA was possibly present 
in this enzyme preparation. 
Hegre et al. (1959) purified propionyl carboxylase from 
bovine liver mitochondrial acetone powder. They found that 
the purified enzyme preparation carboxylated acetyl CoA and 
butyryl- CoA as well as propionyl CoA. Ethylmalonyl CoA was 
identified as the product of butyryl CoA carboxylation. 
Carboxylation of butyrate by extracts of N.corallina 
was determined (Table 30). The same cofactors are necessary 
for butyrate carboxylation as are necessary for the car­
boxylation of either acetate or propionate. 
Nucleotides other than adenosine triphosphate (ITP, GTP, 
UTP, and CTP) have no significant effect on the carboxylation 
reaction (Table 31)• 
The optimal pH (7.8) for butyrate carboxylation in tris 
buffer is the same as that demonstrated for acetate and 
butyrate (Table 32). 
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Table 30» Carboxylation of butyP8t«a 
No. Reactant omitted Additions Activity fixed 
(c ount s/min•/O.1 ml) 
1 None None 2lf3 
2 MgClg None 8 
3 ATP None 6 
4 CoA None 8 
5 GSH None 0 
6 MgCl2 MnCl2 256 
7 Kbutyrate None 6 
8 Kbutyrate Kethylmalonate 6 
9 Kbutyrate Nabutyrate 237 
aThe complete system contained: Tris (pH 7*4), 70 >u 
moles; KHC-^Oo, 5 P moles (1 X 10° cpm); GSH and MgClg, 5 M 
moles each; ATP, 3 M moles; cell-free extract 0.5 ml; and 
water to make a total volume of 2.0 ml. Gas phase : 100% 
Np. The reactions were run for 30 minutes at 31° C. and 
stopped by the addition of 0.2 ml of 12 N HC1. Additions : 
MnClg, Kethylmalonate, and Nabutyrate, 5 p moles each. 
Table 31# Effect of nucleotides on butyrate carboxylation8. 
No. Additions Activity fixed 
(counts/min./0.1 ml) 
1 
2 
i 
9 
10 
None 6 
ATP 243 
ITP 8 
UTP 4 
CTP lb 
GTP 24 
ATP, ITP 220 
ATP, UTP 208 
ATP, CTP 234 
ATP, GTP 230 
aThe complete system and the conditions were the same 
as in Table 30 except for the nucleotide omission. Additions: 
ATP, I TP, UTP, CTP, and GTP, 3 p. moles each. 
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Table 32. Optimal pH for butyrate carboxylation8. 
No. PH Activity fixed 
(counts/min./O.1 ml) 
1 7.0 120 
2 7.2 122 
3 7.4 143 
4 7.6 222 
5 7.8 34 9 
6 8.0 326 
7 8.2 308 
aThe complete system and conditions were the same as in 
Table 30 except for the variation in pH of the tris buffer. 
The optimal concentration of substrate (butyrate) is 5 
yU moles. This is also the optimal concentration for the 
acetate and propionate carboxylation reactions. 
All of the activity fixed when C^Og is utilized was 
in the form of coenzyme A esters. After alkaline hydrolysis 
of the reaction mixture, ethylmalonate was demonstrated by 
co-chromatography with the known acid and with radioauto-
graphy. More methylmalonic acid was recovered from the re­
action mixture than ethylmalonic acid. 
Ethylmalonic acid can not replace butyric acid as the 
substrate in the carboxylation reaction. Similar to the car­
boxylation reactions involving acetate and propionate, the 
extract can not form the coenzyme A ester of ethylmalonate. 
When radioactive butyrate is included in the reaction 
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mixture the same radioactive compounds are detected in the 
hydrolyzed reaction mixture (methylmalonate and ethylmalo-
nate), in addition, some radioactive butyryl coenzyme A was 
formed. * 
Table 33 shows that the carboxylation of butyrate by 
the extract is also inhibited by avidin. The results are 
similar to those obtained when either acetate or propionate 
is used as the substrate. Avidin completely inhibits the 
fixation of G-^Og but avidin pre-incubated with biotin has 
no effect on the reaction. The addition of biotin after the 
incubation of the extract with avidin does not reverse the 
inhibition. The addition of biotin alone does not influence 
the reaction. 
Glucose Metabolism by Cell-Free Extracts 
Since carbon dioxide fixation reactions have a direct 
influence on glucose metabolism, a study was undertaken to 
determine the pathway of glucose dissimilation in cell-free 
extracts of Nocardia corallina. 
The purpose of the study was to demonstrate the presence 
of an enzyme, or enzyme activity, in the extract. No de­
tailed studies of the various reactions were undertaken. 
However, it must be considered that failure to demonstrate 
enzyme activity in the extract could be due to destruction 
of the particular enzyme in the preparation of the 
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boxylationa 
No. Additions Activity fixed 
(counts/min./0.1 ml) 
1 None 224 
2 Avidin 0 
3 Avidin, biotin 4 
4 Biotin 224 
5 Avidin, biotin 232 
The complete system was the same as in Table 22. The 
avidin in experiments 2 and 5 was incubated with the extract 
for 20 minutes prior to the addition of the reactants. The 
avidin in experiment 3 was pre-incubated with biotin for 20 
minutes before incubation with the extract. The biotin in 
experiment 5 was added after the avidin had reacted with the 
extract for 20 minutes. Additions : avidin, 0.25 units ; 
biotin, 2.5 ^  grams. 
cell-free extract. 
Enzymes of the Embde n-Me ye rhoff pathway 
Three enzymes concerned with glucose metabolism are con­
sidered to be unique to the Emb d e n-Me ye rhoff pathway. These 
enzymes are : (1) phosphofructokinase; (2) aldolase, specific 
for fructose-1,6-diphosphate; and (3) trlosephosphate iso-
merase. 
All three of these enzymes can be indirectly demon­
strated by the aldolase determination of Sibley and Lehninger 
(194-9). This technique consists of measuring the optical 
density at 540 ^  after the addition of alkali and 2,4-
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mixture consists of the extract, fruetose-1,6-diphosphate and 
hydrazine. 
Phosphofructokinase activity can be indirectly measured 
by substituting fructose-6-phosphate and adenosine triphos­
phate for fruetose-1,6-diphosphate. 
The presence of triosephosphate isomerase can be de­
tected by the use of a slight modification of the aldolase 
technique (Vandemark and Wood, 1956). In this modification 
the formation of chromogen by the procedure of Sibley and 
Lehninger is measured when the extract was incubated with 
fruetose-1,6-diphosphate in the presence and absence of 
hydrazine. The addition of hydrazine prevents the conversion 
of glyceraldehyde-3-phosphate to dihydroxyacetone phosphate 
by triosephosphate isomerase. In the method of Sibley and 
Lehninger, dihydroxyacetone phosphate contributes 8? per cent 
of the color when both triosephosphates are present in equal 
amounts. In the absence of hydrazine, triosephosphate iso­
merase converts glyceraldehyde-3-phosphate to dihydroxy­
acetone phosphate and more chromogen formation results. 
Table 34 shows the results obtained when extracts of 
Nocardia corallina were tested by these techniques. The in­
crease in optical density in experiment 1 shows that the ex­
tract contains an aldolase and that the other two tests are 
valid. Experiment 2 was designed to test for the presence of 
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phate isomer as e activity8-
Time (min.) Optical density 
Exp. 1 Exp. 2 Exp. 3 
0 
10 
20 
30 
0.00 0.00 
0.335 0.0&9 
0.725 0.060 
1.049 0.065 
0.00 
0.05 
0.10 
0.15 
8The complete system contained: 0.1M tris (pH 8.6), 
3.0 ml; cell-free extract, 0.5 ml; and water to make a total 
volume of 7*5 ml. Additions : Exp. 1. fructose-1,6-
diphosphate, 10 p moles; 0.5&M hydrazine, 0.65 ml. Exp. 2. 
fructose-6-phosphate, 10 p moles; ATP, 6 moles, 0.56m 
hydrazine, 0.65 ml. Exp. 3» fructose-1,6-diphosphate, 10 
H moles. 
phosphofructokinase. The neglible increase in optical 
density indicates that this enzyme is not present in the ex­
tract or, at least, was not active under the conditions of the 
experiment. Experiment 3 showed a very slight increase in 
optical density, however, the increase was not large enough 
to be considered evidence for triosephosphate is ornerase. An 
increase in optical density larger than that showed in exper­
iment 1 should have occurred if triosephosphate isomerase was 
present. However, interfering reaction may have been removing 
glyceraldehyde-3-phosphate. 
From the results of the experiments shown in Table 34 
it does not appear likely that the enzymes of the Embden-
Meyerhoff pathway are present in the extract. However, 
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pretatione of the tests invalid. 
Enzymes of the pentose phosphate pathway 
The Embden-Meyerhoff scheme of glucose metabolism was 
considered, for many years, to be the sole pathway of glucose 
dissimilation. However, information gradually accumulated 
which suggested there could be other pathways for the deg­
radation, or formation, of this important compound. 
The-classic discovery of glueose-6-phosphate dehydro­
genase (Warburg and Christian, 1931) was one of the more 
important steps in the elucidation of other pathways. This 
enzyme converts glueose-6-phosphate to 6-phosphogluconate, 
which is not included in the Embde n-Me ye rhoff pathway. The 
occurrence of various pentoses, heptoses, and their 
derivatives also could not be explained by the Embden-
Meyerhoff pathway. 
Subsequent research has shown many other pathways exist 
for the metabolism of glucose. One of the more important of 
the known pathways is the pentose phosphate pathway (hexose 
monophosphate pathway). 
Glueose-6-phosphate dehydrogenase, 6-phos phogluc ona te 
dehydrogenase, phosphoriboisornerase, transketolase, and 
transaldolase are the enzymes associated with the pentose 
phosphate pathway (Axelrod, i960). A study was conducted 
with extracts of Nocardia corallina to determine whether 
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cneae enzymes were present (with the exception of trans-
aldolase). 
The presence of glucose-6-phosphate dehydrogenase and 
6-phosphogluconate dehydrogenase was determined by observing 
the reduction of triphosphopyridine nucleotide at 340 mu 
using a Beckman Model DU spectrophotometer. The results in­
cluded in Table 35 show that the reduction of triphospho­
pyridine nucleotide (TPN) occurs when either glucose-6-
phosphate or 6-phosphogluconate is added to the basal system 
as evidenced by the increase in optical density at 340 mpu 
Diphosphopyridine nucleotide (DPN) will not replace TPN, 
Glucose and ATP will not replace glucose-6-phosphate in­
dicating that hexokinase is not present in the extract. 
Fruetose-6-phosphate will replace glucose-6-phosphate. This 
result is considered evidence for the presence of phospho-
glucoisomerase. 
Phosphoriboisornerase was measured by the method of 
Axelrod and Jang (1954) using the cysteine-carbazole test 
(Dische and Borenfreund, 1951)• When ribose-5-phosphate is 
incubated with the extract, there is a rapid formation of a 
substance, which in the cys teine-carbazole test developed a 
purple color with a peak at 540 nyi, characteristic of keto-
pentose (Cohen, 1953)• 
Transketolase was detected by incubating ribose-5-
phosphate with the extract and demonstrating sedoheptulose 
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Table 35» Reduction of triphosphopyridine nucleotide8-
Time (min.) Optical density 
Basal Glucose-o-p 6-P-gluconate Fructose-6-p 
0 0.181 0.444 
0.469 
0.409 0.372 
1 0.174 0.469 0.409 
2 0.174 0.509 0.552 0.426 
3 0.174 0.585 0.577 0.450 
4 0.174 0.569 0.620 0.475 
5 0.168 0.658 0.668 0.482 
6 0.l6l 0.721 0.699 0.509 
7 0.165 0.745 0.758 0.531 
8 0.168 0.824 0.770 0.552 
9 0.168 0.839 0.783 0.577 
10 0.l6l 0.886 0.824 0.594 
aThe basal system contained: glycylglycine buffer 
(pH 7*4)» 4° M moles; MgClp, 10 # moles; triphosphopyridine 
nucleotide, 0.2 p. mole; and cell-free extract, 0.5 ml. 
Additions: glucose-6-phosphate, 6-phosphogluconate, and 
fructose-6-phosphate, 20 ja moles each. Demineralized water 
to make a total volume of 3*2 ml. 
in the reaction mixture by paper chromatography. Sedo­
heptulose can be identified by the characteristic bluish-
green spot with an orcinol reagent (Klevstrand and Nordal, 
(1950). The production of sedoheptulose, or sedoheptulose-7~ 
phosphate, is considered to be the result of the combined 
reactions of phosphoriboisomerase and transketolase. 
These results indicate that all of the necessary enzymes 
(with the exception of transaldolase) are present in the extract 
to degrade glucose-6-phosphate by the pentose phosphate path­
way. 
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Prom the evidence presented in this study extracts of 
Nocardia corallina contain two (at least) distinct mechanisms 
for the formation of oxalacetic acid by carbon dioxide 
fixation into phos phoenolpyruva te. An irreversible addi­
tion of carbon dioxide to phosphoenolpyruvate has been 
demonstrated and also a reversible carbon dioxide fixation 
in which phos phoenolpyruva te is carboxylated to form oxal-
acetate. 
The irreversible reaction, catalyzed by phosphoenol-
pyruvate carboxylase, is similar to the reaction demonstrated 
in spinach leaves (Bandurski and Greiner, 1953), wheat germ 
(Tchen and Vennesland, 1955), and in Thlobacillus thiooxidans 
(Suzuki and Werkman, 1957, 1958). Minor differences between 
the reactions have been noted, such as, ion and reducing 
agent requirement. 
Phosphoenolpyruvate is carboxylated to form oxalacetate 
by a dialyzed extract of Nocardia corallina without the 
addition of nucleotides. Manganous ion fulfills the require­
ment for a divalent cation and can not be replaced by 
magnesium. 
This fixation in the absence of added nucleotide is 
apparently irreversible in Nocardia corallina since the ex­
change reaction (substrate:oxalacetate) does not occur under 
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correlate the release of inorganic phosphate with the 
fixation of carbon dioxide due to the small amount of carbon 
dioxide fixed and the impurity of the enzyme preparation. 
Phosphoenolpyruvate carboxylase has been demonstrated 
in plants and bacteria. The reaction, as yet, has not been 
shown to occur in animal tissue. Suzuki and Werkman (1958) 
found that the enzyme in Thiobacillus thiooxidans required a 
very low carbon dioxide tension as shown by its small 
Michalis constant (1.2 X ICT^m in bicarbonate ion). It was 
suggested by Suzuki and Werkman that this enzyme would be 
favored for carbon dioxide fixation relative to other carbon 
dioxide fixation reactions at an acid pH. 
Tchen and Vennesland (1955) reported that phosphoenol­
pyruvate carboxylase from wheat germ required a very low 
concentration of carbon dioxide. A slight increase in carbon 
dioxide tension caused a slight increase in oxalacetate 
formed, however, there was an appreciable amount of oxal­
acetate formed in carbon dioxide-free air. An jibsolute 
requirement for carbon dioxide could not be shown using the 
routine spectrophotometry methods employed. Although 
precautions were taken to remove carbon dioxide from all 
reagents the extract apparently still contained enough 
bicarbonate to allow the reaction to proceed. The partici­
pation of carbon dioxide in the reaction could be demonstrated 
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ùiily wiùh radioactive bicarbonate• 
Tehen and Vennesland (1955) suggested that phosphoenol-
pyruvate carboxylase is responsible for the accumulation of 
malic acid by plants in the dark when carbon dioxide pressure 
is low. 
Tchen e_t al.(1955) conducted experiments with deuterium 
and concluded that the oxalacetate formed enzymatically in 
the carboxylation reaction is the keto and not an enol. If a 
phosphorylated derivative of oxalacetate is formed the phos­
phate must be attached to a carboxyl group. 
This irreversible fixation reaction appears to be 
particularly suited to form dicarboxylic acids from carbo- _ 
hydrate at low carbon dioxide tensions. Further studies on 
the distribution of this enzyme must be made before its 
physiological significance can be properly evaluated. 
A reversible carbon dioxide fixation reaction involving 
phosphoenolpyruvate is also catalyzed by the extract. The 
reaction is similar to the reaction catalyzed by oxalacetic 
carboxylase (phosphoenolpyruvate carboxykinase). The re­
action requires a nucleotide and a bivalent cation» Mag­
nesium, manganese, or cobalt will satisfy the bivalent cation 
requirement. Magnesium can replace manganese in this 
reversible reaction but not in the irreversible one. These 
results were considered additional evidence for the occurrence 
of two_(at least) distinct fixation reactions and indicates 
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that the fixation which occurred in the absence of added 
nucleotide (phosphoenolpyruvate carboxylase activity) was 
not due to residual nucleotide present in the extract. 
The only radioactive compounds formed in the reaction 
mixture were oxalacetic acid and in some experiments aspartic 
acid. The radioactive carbon was shown to be incorporated 
into the - carboxy 1 group of oxalacetate. The reaction is 
reversible in the extract as the exchange reaction (sub­
strate: oxalace tate) readily occurs if a nucleotide and the 
other co-factors are included. The radioactive carbon is 
also assimilated in the. /3-carboxyl group of oxalacetate in 
the exchange reaction. 
Guanosine and inosine nucleotides gave maximum activity 
among the nucleotides examined. Other nucleotides apparently 
are effective due to contaminating nucleotides and diphos-
phikinase activity. 
The formation of phosphoenolpyruvate from oxalacetate by 
extracts of Nocardia corallina can not be demonstrated under 
the conditions of the experiments. However, Utter and 
Kurahashi (1954b) pointed out that the demonstration of this 
product may be difficult or impossible if phosphopyruvie 
kinase is present in the extract. The nucleotide-dependent 
exchange reaction (substrate:oxalacetic acid) and the 
nucleotide-dependent fixation reaction ( substrate :phos­
phoenolpyruvate) provide the best evidence for the reversible 
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carbon dioxide fixation reaction. Most experiments with the 
reversible reaction were performed with magnesium as the bi­
valent cation since the irreversible fixation reaction is 
dependent upon the presence of manganese. 
Utter and Kurahashi (1954b) pointed out the significance 
of this reversible carboxylation reaction in the formation 
of carbohydrates from the intermediates of the tricarboxylic 
acid cycle or pyruvate. Die key reaction in the formation 
of carbohydrates from these compounds is the formation of 
phosphoenolpyruvate from pyruvate, a reaction once considered 
irreversible. It was demonstrated to be reversible by Lardy 
and Ziegler (1945), however, the equilibrium is far to the 
side of pyruvate formation. 
It was concluded from rate studies (Utter and Kurahashi, 
1954b) that oxalacetic carboxylase and two other enzymes 
(malic enzyme and malic dehydrogenase) catalyze reactions 
significantly rapid to account for the synthesis of phos­
phoenolpyruvate from pyruvate. The reactions responsible for 
this conversion are the following: 
Pyruvate 4- COg — TPNH » ma late 4- TPN 
Ma late + DPN * oxalacetate 4- DPNH + H+ 
Oxalacetate + ITP > phosphoenolpyruvate + IDP 
The combined reactions of these three enzymes effectively 
form a pathway for the formation of phophoenolpyruvate from 
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pyruvate, which has a distinct thermodynamic advantage over 
the direct conversion by phosphopyruvie kinase. 
The demonstration of two carboxylation reactions for 
the formation of oxalacetate in the cell-free extract of this 
heterotrophic organism used in this study suggests that in 
some bacteria the Wood-Werkman reaction may actually consist 
of a combination of these reactions. 
Die Wood-Werkman reaction as originally proposed was to 
represent the emperical course of events in carbon dioxide 
fixation into oxalacetate. It was assumed that details would 
be added but the reaction itself would probably be unaltered. 
Both of these reactions can be considered refinements of the 
original Wood-Werkman reaction. 
It is of interest that phosphopyruvie acid was suggested 
to be an intermediate in the Wood-Werkman reaction in 1942 
(Wood et. al., 1942), however, it was not experimentally con­
firmed until 1953* The failure to demonstrate the car­
boxylation of this compound earlier probably is due to the 
fact that the Wood-Werkman reaction has F° of 4-6.39 
kilocalories (Tchen et al., 1955)• Since the carboxylation 
of pyruvate would require energy to be put into the system, 
a nucleotide triphosphate was considered necessary for the 
carbon dioxide fixation to occur. Utter and Kurahashi 
(±933J found that a nucleotide (IDP or GDP) was necessary 
for the reaction but it was necessary as a phosphate ac­
ceptor from phosphoenolpyruvate and not to supply energy 
for the fixation reaction. 
This recent study (Baugh et a_l., 1958, 1959) was the 
first demonstration that carbon dioxide fixation into oxal­
acetate by a -heterotrophic bacterium was actually occurring 
by two reactions, phosphoenolpyruvate carboxylase and oxal­
ace tic carboxylase. This study also was the first demon­
stration of inosine nucleotides (IDP, ITP) and guanosine 
nucleotides (GDP, GTP) playing a role in carbon dioxide 
fixation reactions in heterotrophic bacteria. 
Oxalacetic carboxylase has been demonstrated in hetero­
trophic bacteria (Baugh et al., 1958, 1959» i-lyoda and 
Werkman, i960), a chemoauto trophic bacterium (Suzuki and 
Werkman, 1958), a photosynthetic bacterium (Bates and 
Werkman, i960), wheat germ (Tchen and Vennes land, 1955), and 
yeast (Cannata and Stoppani, 1959) in addition to pigeon 
liver (Utter and Kurahashi, 1953)* This demonstration of the 
same carbon dioxide fixation reaction in such varied forms of 
life indicates its significance in comparative biochemistry. 
Propionic acid has long been known as a glycogenic sub­
stance (Ringer, 1912), however, the pathway by which it is 
converted to intermediates of carbohydrate metabolism was 
only recently elucidated (Lardy and Adler, 195b). The 
93 
formation of propionate by the decarboxylation of succinate 
was demonstrated by Srb (1934)» 
Subsequent studies have shown that these reactions are 
related. Propionate can be converted to propionyl coenzyme 
A, carboxylated to me thylmalonyl coenzyme A, and converted 
by an isomerase to succinyl coenzyme À. This series of 
reactions has been shown to be reversible. 
Extracts of N. corallina are capable of forming the co­
enzyme A esters of propionate and also capable of the car­
boxylation of propionyl coenzyme A. The carboxylation of 
propionyl CoA by the extract is dependent on adenosine tri­
phosphate and a bivalent cation (Magnesium or manganese). 
The reaction is similar in every respect to the one catalyzed 
by propionyl carboxylase. 
It was not possible under the conditions of the exper­
iments to determine whether the reaction is reversible in 
the extract. Methylmalonic acid, the demonstrated car­
boxylation product, will not replace propionate, however, the 
extract can not form the coenzyme A ester of methylmalonic 
acid. Nucleotides other than adenosine triphosphate, which 
are active in the carboxylation of phosphoenolpyruvate, are 
not active in the carboxylation of propionyl coenzyme A. 
When radioactive propionate is utilized in the study, 
radioactive methylmalonyl coenzyme A can be demonstrated. An 
ecuimolar relationship between radioactive propionate and 
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radioactive bicarbonate results when both radioactive com­
pounds are used in combination. 
Avidin, an inhibitor of biotin activity, completely in­
hibits the carboxylation of propionate as measured by radio­
active bicarbonate assimilation. This is in agreement with 
results obtained by Stadtman et al. (i960) with Propioni-
bacterium shermanil. Avidin pretreated with biotin does not 
inhibit the reaction. The addition of free biotin has no 
influence upon the carboxylation reaction. 
These results indicate that a carbon dioxide-biotin-
enzyme complex is formed as suggested by Lynen et al. (1959)» 
The carboxylation of propionyl CoA provides a pathway 
for the conversion of propionate to a tricarboxylic acid 
cycle intermediate. Indirectly propionyl CoA carboxylation 
links the metabolism of valine, threonine, isoleucine, and 
methionine to the tricarboxylic acid cycle as each of these 
compounds can be converted to propionyl CoA. 
Extracts of N. corallina can also catalyze carboxylation 
reactions involving acetate and butyrate if the same co-
factors as for propionate carboxylation (CoA, MgC^, and ATP) 
are present. 
The carboxylation of acetate (or acetyl CoA) results in 
the formation of malonyl CoA, a reaction previously reported 
in animal tissue (Wakil, 1958)- Ethylmalonyl CoA is formed 
by the extract when butyryl CoA is the substrate for the 
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carboxylation reaction. When either acetate or butyrate is 
used as the substrate more methylmalonyl CoA is formed than 
either malonyl CoA or ethylmalonyl CoA. 
These results can be considered as indirect evidence 
for a transcarboxylation reaction similar to that proposed 
by Swick and Wood (i960). They demonstrated a novel biotin-
dependent transcarboxylation reaction in which a C^ unit, 
which is not in equilibrium with carbon dioxide, is trans­
ferred from oxalacetate to propionyl CoA to form me thyl­
malonyl CoA. In addition, they found that malonyl CoA and 
e thylmalonyl CoA will trans carboxyla te with propionyl CoA 
presumably forming methylmalonyl CoA. 
Efforts to demonstrate a transcarboxylation from oxal­
acetate to propionyl CoA by extracts of N. corallina have not 
been successful. The presence of propionate (and additional 
cofactors) did not stimulate the decarboxylation of oxal­
acetate as measured with commercial lactic dehydrogenase and 
reduced diphosphopyridine nucleotide. 
Since the amount of carbon dioxide fixed under the con­
ditions of the experiments is quite low, it is possible that 
the transcarboxylation reaction, if present, may not be 
sufficiently active to be demonstrated by this method. 
The carboxylation of acetate is now considered to be a 
key reaction in the synthesis of fatty acids (Wakil and 
Ganguly, 1959)• In this proposed pathway of fatty acid 
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syntnesis, the malonyl CoA that is formed by the carboxylation 
of acetyl CoA reacts with some unsubstituted fatty acyl CoA 
(Cg, C^, C6, etc.) to form an acyl CoA compound containing 
two more carbon atoms than the original acyl CoA compound. 
The carbon atom from the carbon dioxide does not appear in 
the final fatty acyl CoA compound. This process can be re­
peated until the fatty acyl derivative of the desired length 
is produced. 
Patty acid synthesis was once regarded to be simply the 
reverse of fatty acid oxidation. This was not easily ex­
plained in thermodynamic terms, a situation analogous to the 
formation of phosphoenolpyruvate from pyruvate. 
It is'significant that in both instances carbon dioxide 
fixation reactions are utilized to overcome an apparent 
thermodynamic barrier. In both systems the compounds are car­
boxylated, oxidized or reduced in a series of reactions to an­
other compound, and then decarboxylated to form a compound in 
a manner which would seem to have certain thermodynamic ad­
vantages over a system in which the compound is converted 
directly to the product. In both systems the carbon atom of 
the carbon dioxide is not incorporated into the final product 
but lost in the decarboxylation reaction. 
Avidin also inhibits the acetate and butyrate car-
boxylations indicating that the enzyme, or enzymes, re­
sponsible for the carboxylation of these compounds also 
contains biotin. This and other similar characteristics of 
the carboxylation reactions involving acetate, propionate, 
and butyrate suggest that one en?,.n.e is responsible for the 
carboxylation of all three coenzyme A esters. 
Efforts to separate the enzvrae, or enzymes, responsible 
for the carboxylation of these three fatty acyl CoA esters 
have not been successful (Stern e_fc al., 1961). The relative 
rate of carboxylation of the fatty acids remained the same 
through several fractionation procedures. 
From indirect evidence presented in this study extracts 
of N. corallina contain all the enzymes necessary to catalyze 
the reactions of the pentose phosphate pathway with the 
exception of transaldolase, which was not studied. Glucose­
s-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 
phosphoriboisomerase, and transketolase activities were 
demonstrated. 
No conclusive evidence for the occurrence of the enzymes 
of the Smbden-iiieyerhoff pathway was found. However, the ex­
tract does contain aldolase and phosphohexosisomerase. 
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SUi&uARY AlfD CONCLUSIONS 
1. A cell-free extract of Nocardia corallina can car-
boxylate phosphoenolpyruvate to form oxalacetate by a reaction 
similar to that catalyzed by phosphoenolpyruvate carboxylase. 
The reaction is irreversible and requires manganous ion as a 
cofactor. A reducing agent (reduced glutathione) is required 
when age dialyzed extracts are utilized. 
2. The cell-free extract can carboxylate phosphoenol­
pyruvate to form oxalacetate by a reaction similar to that 
catalyzed by oxalacetic carboxylase (phosphoenolpyruvate 
carboxykinase). The reaction is reversible and requires a 
bivalent cation and a nucleotide. Magnesium, manganese, or 
cobalt will satisfy the bivalent cation requirement. 
3• Freshly dialyzed extracts do not require a reducing 
agent, however, aged extracts show no oxalacetic carboxylase 
activity unless a reducing agent (reduced glutathione or cys­
teine) is added to the reaction mixture. f3 -chloromercuri-
benzoate inhibits oxalacetic carboxylase. This inhibition can 
be reversed by the addition of reduced glutathione. 
4. The use of guanosine or inosine nucleotides results 
in greater carboxylati on activity than the other nucleotides 
tested. 
5. Nucleoside diphosphokinase is present in the cell-
free extract. This enzyme is probably responsible for the 
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greater part of the activity fixed when adenosine or uridine 
nucleotides are utilized. 
6. Avidin or biotin does not effect oxalacetic car­
boxylase activity in the extract. 
7. The radioactive carbon dioxide is incorporated into 
the 0-carboxyl group of oxalacetate in both reactions. 
8. The cell-free extract can form the coenzyme A esters 
of acetic propionic, and butyric acids when adenosine tri­
phosphate, magnesium chloride, and coenzyme A are added to 
the reaction mixture* 
9* When propionate, magnesium chloride (or manganese 
chloride), adenosine triphosphate, and coenzyme A are added 
to the cell-free extract, propionyl coenzyme A is car-
boxy la ted to form methylmalonyl coenzyme A. The reaction is 
similar to the reaction catalyzed by propionyl carboxylase. 
10. The extract can catalyze a carboxylation involving 
acetyl coenzyme A in a reaction similar to that catalyzed by 
acetyl carboxylase. Adenosine triphosphate, magnesium 
chloride (or manganese chloride), and coenzyme A are necessary 
cofactors. Malonyl coenzyme A can be identified in the re­
action mixture. 
11. The extract can carboxylate butyryl coenzyme A if 
adenosine triphosphate, magnesium chloride (or manganese 
chloride), and coenzyme A are added to the reaction mixture. 
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Ethylmalonyl coenzyme A is formed by the carboxylation 
reaction. 
12. The carboxylation of acetyl, propionyl, and butyryl 
coenzyme A is inhibited by avidin, an inhibitor of biotin 
activity. The formation of the coenzyme A esters of these 
acids is not inhibited by avidin. The addition of avidin 
which has been treated with biotin does not influence the 
carboxylation reactions. Free biotin does not effect the re­
actions . 
13- Indirect evidence is presented for transcarboxyl­
ation of a unit from malonyl coenzyme A or butyryl co­
enzyme A to propionyl coenzyme A. 
14» The cell-free extract contains the following 
enzymes concerned with the pentosephosphate pathway: 
glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydro­
genase, phosphoriboisomerase, and transketolase. 
15. Aldolase and phosphohexosisomerase were shown to be 
present in the extract. 
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